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Section 1 


INTRODUCTION ANT) SUMMARY 

Electric utilities provide electricity on demand, which is generally maximum during 
the late afternoon, with considerably less power required overnight and on weekends. The 
integrated average system demand is typically 60% to 80% of the peak load. Excluding those 
utilities producing hydroelectric power, the industry approach is to consider the load curve 
composed of base load, intermediate load and peaking load with the optimum equipment selected 
to match demand. Base load is the "round the clock" load that the utility meets with its most 
fuel efficient equipment, i.e. , coal or nuclear power plants. As the daily load increases, the 
utility incrementally brings the next least costly equipment on line. Short term peaks are 
usually met with small older oil-fired plants, gas turbine or diesel equipment. This is of 
course an over-simplification of a complex procedure which must include consideration of 
plant size, part load capability, start-up constraints, transmission dispatch considerations, 
and the purchase and sale of power to neighboring utilities. However, it does illustrate an 
essential fact; that peaking loads are generally met with the least fuel efficient equipment, 
and this equipment uses oil. 

In his energy message. President Carter emphasized that the U. S, dependence on oil 
must be greatly reduced. In the near term, new utility plants will probably be coal or nuclear 
fueled and some existing plants will be switched from oil to coal. The dependence on oil-fired 
equipment to provide Intermediate and peaking loads can be reduced in one of two ways: (1) by 
cycling coal or nuclear plants to follow the load curve, or (2) by baseloading coal or nuclear 
plants and storing excess off-peak energy for later use in meeting peak demands. Many 
methods of energy storage, e.g. , batteries, compressed gas, flywheels, and super-conduct- 
ing magnets have been suggested. Currently, the only method in use is pumped hydro 
storage and this relies on suitable site geograjAiy. This study was to evaluate the poten- 
tial for thermal energy storage (TES) to meet peaking power demands. Specifically, the use 
of the latent heat capacity of salts that melt at the high temperatures required for energy 
storage in conventional utilities was to be explored and a suitable heat exchanger defined. 

The heat absorbed in melting a material can be double or triple the sensible heat stored by 
heating the material to a higher temperature. Latent heat storage thus offers the possibility 
of designing much smaller TES systems, but also introduces many technical concerns since 
salts are typically corrosive, have low thermal conductivity, and may be hazardous. 
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This report documents a ten month study performed for the NASA Lewis Research 
Center to assess the technical and economic acceptability of a latent heat TES heat exchanger 
system for application in conventional utilities. Ilie study v;as divided into five tasks that 
prc^essed according to the work plan presented in Figure 1-1 and the schedule shown in 
Figure 1-2. The goal of our program was to determine whether a coal or nuclear generating 
plant with a TES system is cost effective (considering both investment and operating costs), 
compared to a similar sized plant cycled to follow the load curve. Since both plants must 
meet the electrical demand, turbine/generator requirements are the same. Investment 
cost comparison is thus the cost of the TES system versus the cost of the larger steam 
capacity (boiler or nuclear island), which Is (In 1977 prices) approximately $450 per KWg* 
Based on the latent heat capacity of sultat le salts and typical plant load curves which deter- 
mine the total energy to be stored, we showed that the TES system must cost less than about 
$1 per pound of salt for a system providing significant peaking capability (w7% increase in 
capacity). A typical 1000 megawatt electrical plant requires approximately 14 million 
pounds of salt to store the required 900 megawatt-hoxirs of thermal energy to provide 6 hoars 
of peaking capability. 

Operating costs with the TES system must consider two thermal inefficiencies; one is 
heat loss from the storage unit and the second is the thermodynamic necessity that heat 
must be returned to the power plant cycle at a lower temperature than it is extracted due to 
temperature differences required to transfer heat into and out ox storage. The latter is 
not a heat loss but a loss in energy availability. The alternate approach of cycling a 
(larger) plant to follow the load curve, however, also introduces an inefficiency (operating 
the boiler at less than 100% load). Detailed heat balances based on specific energy storage 
and usage conditions and plant duty cycles are required to determine which system, in fact, 
has the lower fuel cost. 

To maximize the realism of our plant cycle analysis, five existing nuclear and fossil 
electric utility plants were chosen to represent present day technology (see Fig. 1-3) and their 
current operating data were obtained (see Fig. 1-4). TES concepts can be considered as 
possible retrofits to these plants or as new plant construction of that generic type. Ten (10) 
locations for the TES in the plant cycle were Identified, which resulted in 35 feasible plant/ 
location combinations. Since the study was to emphasize heat exchanger concepts and not 
differences between plants, the choice was narrowed to one plant; the coal fired Ft. Martin 
unit in West Virginia and two locations (or ses) of thermal energy storage. Both cycle 
locations use main steam as the heat source. Usage in one case was for feedwater heating 
which decreased turbine steam extraction and hence increased turbine output, A second case 
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THREE MILE 

— 
FORT MARTIN 

FORT ST. 

ROSE TON 

GENERATING STATION 

COOPER 

ISLAND NO 1 

NO. 1 

VRAIN 

NO. 1 

GENERIC TYPE 

BWR 

PWR 

SUPERCRITICAL 

HTGR 

HIGH PRESSURE 




FOSSIL (COAU 


FOSSIL (OIL) 

DATE OF INITIAL OPERATION 

1974 

1974 

1967 

1974 

1974 

INSTALLED CAPACITY (MW) 

835 

870 

540 

355 

600 

COST OF PLANr (*1000) 

306.648 

400.929 

71.410 

102.000 

160.885 

COST/KW OF INSTALLED CAP 

$367.24 

$460.84 

*132.41 

*287.33 

*266.14 

I j 

P«OOUCTK)N EXPENSES 
a) FUEL. $1000 (MILLS/KWHRI 

2.986(1.54) 

19,933(2.45) 

27,041(4.44) 


41,824(936) 

b) O&M. SIOOO'.MILLS/KWHR) 

4.490(0.77) 

11.235(1.84) 

2,077(0.34) 

HJA 

1339(038) 

c) MtSC.. *1000 (MIL LS/KWHR) 

459(0.08) 

2.991(0.49) 

359(0.06) 

1341(039) 

d) TOTAL. *1000 

13.935 

29,159 

29.477 


44,104 

e) MILLS/NET KW HR 

238 

4.78 

7 30 


10.13 

FIXED CHARGES 
BASED ON FCR ° 15\. *1000 

45.997 

60.139 

10.712 

15,300 

24.133 

HEAT BATES (BTU/KWHR) 
NET TURBINE 

10,151 

9.976 

7.612 

8.508 

- 7,763 

NET PLANT 

10,685 

10S01 

8.836 

8.956 

8336 


2349-0040 Fi^ 1-4 Plant Heat Rates and Generating Costs 


used storage energy to generate steam for a separate turbine/generator (see Figure 1-5). 

In parallel to the plant cycle analysis we identified candidate salts for use as the storage 
media. Selection was based on cost, compatibility with steel container materials, thermal 
performance and safety. The recommended salt eutectics are in the chloride, nitrate/nitrite 
and hydroxide families. Figure 1-6 summarizes the 16 salts selected, which cover the tem- 
perature range of interest ( ~ 300 to 900T), in about 100°F increments. 

Final screening was to select two promising TES systems for detailed performance 
and ecxmomic evaluation. Alternate heat exchanger concepts were assessed. Including 
standard technology such as a tube/shell heat exchanger with the salt on the shell side, 
and variatlcBis using heat pipes or an intermediate loop to transfer heat from the utility 
fluid to the salt. These are examples of passive systems where the salt jiiase change 
material (PCM) is used in bulk and is static. Alternately, macroencapsulated PCM (bricks) 
can be configttred into a checkerboard heat exchanger, or microencapsulated PCM can be 
fluidized and heat -transferred to and from the flowing stream. Moving bulk PCM systems 
can also be devised using molten salt pumps, solid conveyors aid scrapers. The reason 
for moving or fluidized systems is to eliminate the large thermal resistance resulting from 
any significant thickness of static salt. All static systems require a large heat exchanger 
area to overcome this resistance. 

Advantages and disadvantages of these heat exchanger concepts were reviewed and it 
was decided that macroenc^jsulated systems did not offer significant advantages over the 
tube shell unit and that microencapsulation costs are likely to be extremely high, 'fhe heat 


1-6 



























LOCATION 2 SINGLE LOOP REGENERATIVE 
HEATING AUGMENTATION 

CONDENSATE 



LOCATION 8 SINGLE LOOP SEPARATE POWER CONVERSION LOOP 



Fig. 16 S aia c ted TES Locatiom in Power Plant Cydas 
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Fig. 1-6 Thermophyiical Propwty Data of Salaotsd Salts 



p4>e unit, while exhibiting desirable features, was not feasible at the Ft. Martin plant tem- 
perature level sinoe no suitable heat pipe working fluid is available. Heat pipe units are 
reasonable for the lower temperature steam ocmdltions typical of nuclear plants, but we 
felt that the first applications of a new technology (TES) would not be in a nuclear plant. 

Near term recommendations are therefore the standard tube/shell and the tube/shell 
with interme di a t e (liquid metal) fluid loop. The latter oSers the advantage of isolating the 
salt from the utility steam and has certain control advantages, but does add the complexity 
of a liquid metal loop. For the longer term a moving PCM eystem has promise. In thia 
system, molten salt is pumped to a rotating drum where it is scraped cfi. The solid is 
collected in a storage tank. Melting is by heating coils in the bottom of the tank anri the 
liquid is drawn off for transfer to a separate tank. Total storage volume is twice as large 
as the tube/shell, but the required heat exchanger surface area is much less. Equipment 
needed for the system is non-standard so that estimated costs would not be nearly as 
reliable as those for the tube/shell unit. Based on this evaluation, we chose the tube/shell 
and the intermediate loop tube/shell as the two concepts for design refinement and cost analy- 
sis. Each was applied to both feedwater heating and separate cycle usage locations in the 
Ft. Martin plant cycle and plant heat balances were computed for comparison with the base 
plant. 

Incorporating a TES in the cycle to supply feedwater heating results in an improvement 
in plant heat rate with fuel (coal) saving of $183, 000 per year compared to cycling the 
plant. No change in net plant heat rate results in the separate power cycle case. 

We suggest a stayed structural arrangement for the uM>er and lower domes of the 
tube and shell unit which greatly reduces unit wei^t and cost. Although not optimised, this 
iq^roach results in a TES capital cost of ~ $22 . 5 million which is somewhat less than the 
cost of enlarging the plant to provide a peaking capabUlty of about 7% (see Fig. 1-7). 

A special situation for the application of TES exists when a plant is converted from oil 
to coal. This results in derating the boiler, thus leaving excess turbine capacity. For a 
typical 500 megawatt plant the extra 7% peaking capability would require a larger T-G costing 
about $8.6 million, H this is available "free" in a conversion it considerably improves the 
TES economics. Moreover, installation of TES removes a disincentive to coal conversion, 
namely, the loss of capacity, which would require the utility to accelerate its new plant 
construction schedule. 
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EarthwKxic and Grading $ 8,200 

Roads and Paving 1,300 

Land and Land Rights EOjOOO 

83,000 

Piping and Vahring 1,188W> 

rnstrumantation and Controi 504)00 

Rash Tank 364X)0 

R«a4»«tDr 5004)00 

TES Units 7JB00XXX) 

TESSah 1,2194)00 

Subtotal $10,924,300 

Contingency 4 Irrt During Constr at 15% 1,638,660 

Enj^ 4 Constr Mgmt at 12% 1,310,920 

Increm T-G (37.38JIW) 4 Elaa Cost at $230/KWg 8,5924)00 

Total $22,486,860 

System Breakeven = (37.38 MW) ($86Q/KW) $24,284,000 

Net Savings - New Plant or Plant w/o Excess T-G $1,818,140 

- Retrofit, Plant with Excess T-G $10,410,140 


Fifl. 1-7 Total TES Syrtem Capital Cort-Ft. Martin, F asdwator liaating Cm 



Overall we feel that latent heat TES la a viable means of providing peaking capability 
on its own merits, compared to oyoUng a coal or nuclear plant. This does not neoessarUy 
mean that it is superior to other TES systems using sensible heat storage. Some of these 
systems use very inexpensive storage material (water, rook, etc.) and oontalners (under- 
ground caverns, etc.). Al^KXi^ our study has Identified salts that are also relatively low 
in cost, heat exchanger costs are hlf^ due to the hi^ temperature and pressure. 

S is suggested, therefore, that a further evaluation of active heat exchanger designs 
that minimize heat exchanger area be performed to complete the assessment of the latent 
heat TES option. 
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Section 2 


REFERENCE POWER PLANTS 

2.1 SELECTION OF FIVE EXISTING ELECTRIC UTILITY POWER PLANTTS 

The Initial task was to select existing power plants which typify the large central sta- 
tion unit* presently in service and are representative of future constructiwi. These in- 
cluded: 

• Cooper Nuclear Station Unit No. 1, located in Nebraska, which was used as a 
typical nuclear-fueled boiling water reactor power plant. 

• Three Mile Island Unit No. 1, located in Pennsylvania, representative of a nuclear- 
fueled pressurized water reactor power plant. 

• Fort Martin Unit No. 1, located in West Virginia, representative of a supercrHical 
once-tlirough boUer fossil-fueled central station power plant. 

• Fort St. Vraln, located in Colorado, representative of a nuclear-fueled high tem- 
perature gas cooled reactor power plant. 

In addition to these reactor and boiler t 3 rpes, a high pressure, drum type boiler, fossil 
fueled station using 2400 pslgA000°F steam was included, as these steam conditions are 
representative of the majority of large oil and coal fired central station power plants in the 
U.S. today. Roseton Unit No. 1, located in New York, was chosen as the representative 
2400 f)8lg unit, which is oil-fired. Figure 2-1 describes the reference power plants and 
lists unit sizes and steam conditions. 

2. 2 THERMODYNAMIC STATE POINTS ANT) PLANT PERFORMANCE 

For each of these power plants the base load station heat balances were obtained and 
are included as Figures 2-2 through 2-6. Also included as Figure 2-7 are the associated 
heat rates and generating costs at the high side of the main transformer. Although the fossil 
fueled power plants are considerably more thermodynamically efficient (lower plant beat rate) 
than either the BWR or PWR nuclear plants, the nuclear plants have lower yearly operating 
costa per kw hours generated due to exceptionally low fuel cost. The Fort St. Vrain nuclear 
plant includes the advantages of both fossil and nuclear plants in that it has efficient 2400 
pslg/1000°F throttle conditions comp>arable to a fossil plant and lower fuel cost associated 
with nuclear plants. 
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OMMrie Typa 

Operattag 

Station 

Location 

Nat 

MW 

Ootpat 

Thfottft 

Ptaaa, 

Piig 

Tttfonte 

Ta«|t.‘’F 

RatMet, 

'F 

1 Boiling Water Raactor 

Copper Nudetr 
Station Unit #1 

Nebraska 

B3S 

970 

541 

— 

2. Pmturizsd Water Reactor 

Three Mile Island 
Umt#1 

Pennsyivania 

870 

9L0 

586 

— 

3. Supercritical Fooil Fualad 
Boiler 

Fort Martin 
Unh#1 

W. Virginia 

840 

3600 

1000 

1000 

4. High Tempertti^ 
Ga^CootecI Reactor 

Fort St Vrain 
Unit#1 

Colorado 

366 

2400 

1000 

1000 

5. Pressure Fossil Fueied Boiler 

Roieton Unit #1 

New York 

800 

2400 

1000 

1000 
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Rg. 2-1 Refarenca Utility P ow w r Plants 
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Fig. 2-2 Cooper Nucieer Station Unit #1 "Max Caiculatad" 
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Fig. 2-B Ft, St. Vrain Unit #1 "Max Calculated" 
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Fig. 2-6 RoMton Unit #1 "Max CaioulatMl" 
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The installed cost for the various power {^ants in the study varied from — $132/KW to 
$460/KW^ with the two fossil plants at the low end of the scale, the HTGR next, and the BWR 
and PWR as the most costly, respectively. Note that although the nuclear plants were all 
initially jdaced in operatioo in 1974, construction costs varied from about $287 to $3€7/KW. 
In the case of fossil plants, Roseton's capital cost of $268/KW lies within this range, but 
Ft. Martin's figure of $132/KW must be adjusted to allow for its earlier construction period 
(initial operation, 1967). 

Since a new TES installation should be comp)ared to an incremental capacity increase of 
a new plant, we should base cost analysis on current plant costs which are shown in Figure 
2-8. Here it can be seen thai there is no significant difference between the costs for nnclear 
and fossil ptlants, therefore either can be considered for incorporation of a TES system. 

Since the near-ierm national goal is to reduce dependence on oil, {sesumably TES would be 
utilized in coal or miclear plants. Roseton, although an oil-fired >dant which was selected 
because of the availability of operating data, has steam conditions rejmesentative of many 
coal fired plants. It should also be mentioned that if an oil plant is converted to coal the 
boiler is derated, resxilting in excess turbine capacity. This is an ideal situation since TES 
could then be added without requiring additional turbine/generator capacity. 




THREE MILE 

FORT I4ARTW 

FORT ST. 

ROSETON 

GENERATtNG STATIOM 

COOPER 

ISLAND NO. 1 

NO. 1 

VRAM 

NO. 1 

- 

GENERIC TYPE 

BWR 

PWR 

SUPERCRITICAL 

HTGR 

HIGH PRESSURE 




FOSSIL (CO AU 


FOSSIL (OIU 

DATE OP miTtAL OPERATK3N 

1974 

1974 

1967 

1974 

1974 

mSTALLEO CAPACITY (1*W) 

835 

870 

540 

355 

800 

COST OP PLANT ($1000) 

306.648 

400.329 

71.410 

102.000 

160586 

COST/m OP INSTALLED CAP. 

$367.24 

$460a4 

$132.41 

$28753 

$268.14 

— . ^ 

PRODUCTION EXPENSES 
a) PtiEU $1000 (MILLS/KWHR) 

2.9B6{134) 

19.933<2.45) 

27.041(4.44) 


41.624(956) 

b) OUM. S1000(MILLS/KWHR) 

4,490<0.77) 

11.235na4) 

2577(054) 

N/A 

1539^L28) 

c) NBC., $1000 (MILLS/KWHR) 

^0.08) 

2.991(0.49) 

359(0.06) 

1541(059) 

<n TOTAL. $1000 

13,935 

29.159 

29.477 


44,104 

•) MILLS/NET K«PHR 

2.38 

4.78 

750 


10.13 

FIXED CHARGES 
BASED ON FCR - 1S%. $1000 

45.997 

60,139 

10.712 

15500 

24.133 

HEAT RATES (BTU/KWHR) 
P^TURBWE 

10.151 

9j976 

7,612 

8508 

- 7.763 

NET PLANT 

10.685 

10501 

8.838 

8.956 

8536 


Z94V013O 


Rg. 2-7 Plant Heat Rates and Gener a t i ng Costs 
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Sect! cm 3 


THERMAL ENERGY STORAGE LOCATIONS IN THE UTILITY PxANT CYCLE 
3. 1 CANMDATE LOCATIONS 

Thermal energy stx>rage locaticns can be divided into several categories by 
characteristica. Locations are described as single loop and double loop. loop tj^ws 

are characteristic of fossil-foried boilers and boiling water reactors where the steam 
produced directly enters the power cooversicm cycle. Double loop tyjies represtfit PWB 
and HTGR plants where pressurized water and helium, respectively, are circulated in a 
primary loop. Heat is transferred in a boiling beat exchanger where feedwater is heated 
and evaporated to provide secoodary steam to a power conversion cycle loop. 

Latent heat stored in die fused salts contained in a ther mal siergy storage heat 
exchanger can also be classified by usage. This energy may be used to augment throttle 
flow, augment reheat flow, provide reheat energy, provide feedwater heating or provide 
energy to a separate power conversion cycle using steam or other working fluid. 

The ten candidate TES heat exchanger locations selected for consideratian in Task 2 

were: 

1. Doable Loop Regenerative Heating Augmentation 

2. Shigle Loop Regenerative Heating Augmentation 

3. Double Loop R^ieat Augmentation 

4. Single Loop R^ieat Augmentation 

5. Double Loop Main Steam Augmentation 

6. Single Loop Crossover Steam Augmentaticm 

7. DouHe Loop Separate Power Conversion Loop 

8. Single Loop Separate Power Conversion Loop 

9. DouWe Loop Intermediate Heat Exchanger/ The nnal Storage 

10. Single Loop Intermediate Heat Exchanger/Ihermal Storage 
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A adiexnatlc representaiicm of each candidate location ia included as Figure S-1. 

Figure 3-2 cxMtalns a short description of each candidate locaticm, 

3. 2 RECOMMENDED LOCATIONS 

The ten TES locatiosiB combined with the five curating power pxiant typos gives 50 
oombinatlocis erf power plant t]?p)e8 and TES locations with feedwater temperature 
in the various cycles ranging from 100° F to 515° F and the main throttle steam temper- 
ature from 540°F to 1000° F. Considering the 10 candidate locations and fte steam gene- 
rator requirements of the five pdants, 15 of the original 50 oombtnatians were deleted 
as not appllcalrfe since these involved single loop px>wer systems with doable loop heat 
exchanger schemes (see Figure 3-3). Single loop heat exchanger schemes are, 
at fliis level erf screening, all ap^csable to douHe loop pxxwer systems. A screening 
evahudlan was then made of the remaining 35 applicable combinations considering effects 
on overall cycie performance, physical complexity of locating the TES units in a given 
cycle, operating limitations with TES units in the cycle, and licensing difficulties asso- 
ciated with tmpdementatian. Details of the Power Plant/TES Locatiem matrix screening 
are presented in Appendix A. 

For nuclear cycles, the main reason for elimination of cases was that the TES 
would often have to be located inside of Ihe primary containment which would necessitate 
major containment redesign. The use of primary reactor fluid in the TES would neces- 
sitate shielding of the TES unit. This would require additional cost penalties and would 
subject file TES to NRC ilcaising requiremants. Nuclear licensing requirements 
would have to be resolved before plant ccmstruction could proceed. Backfltting (retro- 
fitting) these systems would be out of the question. 

Some fossil plant cases were eliminated for a number of reastma. For example, 
one case (C-9) would have caused the boiler reheat section to be under-utilized wben 
operating at rated conditions. Other reasons Included heat exchanger tempieratare design 
problems (i.e. , Insufficient temperature difference between working fluids) and turbine 
cycle changes (e.g. , excessive exit temperatures) that would have been necessary to 
impiiement the TES system which would have degraded p>erformance Instead of enhancing 
it. Handling large steam flows in the TES and matching stream pressures for read- 
misslOT to low pressure turbine sections were avoided due to system aod control com- 
plexities. 
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FJfl. 3-1 TES Location! in Power Plant Cycles 
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3-2 Dvcription of TES Locatiora 
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Plant! 


A. Cooper Nudair Station (3Wn) 

B. Three Mile leiand No. 1 (PWB), TMI 

C. Fort Martin (SupercritU:ai Fonil) 

0. Fort St. Vrain (HIGH) 

E. Roerton (High-Preeiure FoicU) 

TES Location Matrix 

1. Doubte Loop Regerier a tiw Haatinfl Augme n t a tion 

2 . Single Loop Regenerative Heating Augmentation 

3. Double Loop Reheat Augment a tion 

4. Stngie Loop Reheet A u gme n t a t i on 

5. Double Loop Main Staem AugmerTtatkm 

6. Single Loop Doaover Steam Au^nentation 

7. Double Loop Separate Power Conversion Loop - insulated 

8. Single Loop Separate Power Conver si o n Loop 

9. Double Loop Intermediate Heat E xcha ngar 

10. Single Loop I n t e rmet & ate Heat Exchanger 


TES LOCATION/ 
PWR PLT 

COOPER 

A 

TMI 

B 

FT. MARTIN 
C 

r— — — "• 

FT. ST. VRAIN 
D 

ROSETON 

E 

1 

X 

B1 

X 

D1 

X 

2 

A2 

B2 

C2 

D2 

E2 

3 

>4. 

B3 


D3 


4 

A4 

B4 

C4 

D4 

E4 

5 

>c 

B5 


D5 

X- 

6 

A6 

B6 

C8 

D6 

E6 

7 

X 

B7 

X 

D7 

X 

8 

AS 

B8 

C8 

D8 

E8 

9 

X 

B9 

X 

D9 

X 

10 

A10 

BIO 

CIO 

DIO 

E10 


^CONCEPT NOT APPLICABLE FOR THIS PLANT 


234»^170 

Fig. 3-3 Power Plant/'T ES Location Matrix 
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Based on this screening evaluation a total of ten combinations of TES cycle locations 
aixi power plants were recommended as worthy of furtiier consideration as follows: 


Power Hant Cycle Description 

Power Plant Name 

Plant Generic ' 

Regenerative Heating 

Three Mile Island 

Nuclear PWR 

Augmentation 

Regenerative Heating 

Fort Martin 

Supercritical 

Augmentation 


Fossil 

Regenerative Heating 

Ft. a. Vraln 

Nuclear HTGR 

Augmentation 

Regenerative Heating 

Rosetcm 

Hi^ Pressure 

Augmentaticai 


Fossil 

Reheat AugmentatiCHi 

Cooper 

Nuclear BWR 

Reheat Augmentation 

Three Mile Island 

Nuclear PWR 

Crossover Steam Augmentation 

Three Mile Island 

Nuclear PWR 

Separate Power Conversicm 

Fort Martin 

Supercritical 

Loop 


Fossil 

Separate Power Conversion 

Ft. a. Vraln 

Nuclear PWR 

Loop 

Separate Power Converslcm 

Roseton 

Hi^ pressure 


Loop Fossil 

These cases were selected for further evaluation because they all appeared to be 
tf chnically adilevable in that: (a) tiiermodynamlcally they presented no apparent problems, 
(b) jdijsical complexity of the TES integration did not appear to present insoluble en- 
gineering problems, (c) nuclear cases did not violate the primary containment and 
lessened any chance of NR C licensing problems and (d) they did not appear to present 
unusual operating difficulties. 

Phrelimlnary state points for the recommended locations are given in Figure 3-4 
throu^ 3-7. 
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CONDENSATi 

REMOVAL 


REACTOR, OR 
BOILER STEAM 
GENERATOR 



Qanarsting Station 


BSa 

m. Ninw 


MMrixlD 


TES Stata Point Location Data 


Point P (Piia) 



TES Dependent 


TES Dependent 


TES Dependent 


3515 

687.3 



2 , 313,230 

2 , 674,701 

2 , 674,701 

2 , 674,701 

3 . 519.067 
3 , 519,057 

3 . 517.067 


(Steam to HP) 
(Reheat to HP) 


2349-Oiao 


Fi 0 . 3-4 Location 2 Single Loop Regeoef a tive Heating Au gm ent ati on 
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TE8 State Point Location Date 


PttPtam 

Matrix ID 

r"Otfn 

PIPiM) 

TrF) 



Fort Martin 

C2 

d. 

TFS Dependant 




Fort St Vrtin 

02 

a. 


110.6 

79J 

\^ThJS22 





163.2 

131.7 

1.976322 





200.6 

169.1 

1375,622 





235.6 

204.4 

1375322 





316.4 


2306326 





36a7 

335.8 

2306328 



b. 

TES Dependent 






c. 

2415 

1000 

1460.4 

(Steam to HP) 




567i 

1000 

1617.8 

(Reheat to IP) 



d. 

TES Dependent 




Roaaton 

E2 

a. 


93.5 

61.6 

2373347 





156.8 

124.7 

3,027,424 





193.4 

161.4 

3,027,424 





260.6 

229.2 

3327,424 





298.0 

273.0 

3,761318 





383 JD 

339.6 

3,761,016 





403.8 

382.3 

3,761316 



b. 

TES Dependent 






c. 

2416 

1000 

1460.4 

(Steam to HP) 




619.4 

1000 

1619.8 

(Reheat to IP) 



d. 

TES Dependent 
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FH}. 3^ Location 2 Sn(^ Loop Regenerative Heeti'ig Augmentation (Continued) 
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Qgnw a tina Station 


TES State Point Location Data 


Ptt Nam* 

Matrix ID 

Point 

P{P»ia) 

TfF) 



Cooper 

A4 

a. 

170.0 

370X1 

1196.3 

7,647.278 



b. 

TES Dependent 






c. 

970.0 

540.9 

1191.0 

(Steam) 



d. 

TES Dependent 




TMI 

B4 

a. 

183.1 


1186.9 

7,640,675 



b. 

TES Dependent 






c. 

900.0 

5^.0 

1229.6 

(Steam) 



d. 

TES Dependent 





2349-0200 


Fig. 3-5 Location 4 Single Loop Reheat Augmentation 
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Ganeroting Station 

TES State Point Location Data 

PH. fiame 

Matrix ID 

Point 

P(Piia) 

T(°F) 


w ^ 

”Max Hr 

TMI 

B6 

a. 


112.4 

80.3 

7,808,248 





139.0 

106.9 

7,808,248 





204.1 

172.1 

7,808,248 





277.5 

246.4 

7,808,248 





373.0 

347.3 

10,559,385 





410.0 

386.6 

10,559,385 



b. 

TES Dependent 






c. 

900.0 

565.0 

1296,5 

(Steam) 



d. 

TES Oapendent 






Fig. 3-6 Location 6 Single Loop Croaover Steam Augmentation 
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Generating Station 

Pit. Name 

Matrix ID 

Fort Martin 

C8 

Port St. Vrain 

1 

1 

D8 

Roseton 

j 

1 1 

1 

E8 
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TES State Point Location Data 


Point P (P»ia) 


1000.0 


1000.0 


1424.0 


1460.4 


TES Dependent 

TES/Loop 

Dependent 

TES/Loop 

Dependent 


2415.0 

TES Dependent 

TES/Loop 

Dependent 

TES/Loop 
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TES Dependent 

TES/Loop 

Dependent 

TES/Loop 
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Fig, 3-7 Location 8-:'»in^e Loop Separate Power Conversion Cycle 
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THERMAL ENERGY UNIT SIZING 

This phise ai the program (Task 3) ooDslsted of two sobtasks: PCM Select! oc and 
Heat Exchanger Concept Selection/SbElQg. After selecting five repres^tative (referoicc) 
power plants (Task 1) and recommending ten candidate locations for the TES in these 
cycles (Task 2), the next effort was to select and match the PCM to the concept (depexaling 
on specific plant state poM oond l tlops) and to develop sol table beat exchanger fWignn 
for each ooooept. 

This effort beg^ wtfii a review of dally and seasonal load carves for each ai the 
five referetce utility 83 rstema. economical peaking capability is related to TE!S 

cost, we performed a simple capital cost evalnatfon based on file trade-off between 
boiler and TES S 3 rstem cost to establish S 3 rstem target cost, storage daratioc, and 
total heat stored. This enabled is to screen candidate salts (PC Ms) and beat exchanger 
oot^ainer materials. 

Based on this information, a number of candidate heat exchanger concepts were 
reviewed intdodlng: tobe/diell, heat pipe, maoroenoapeolated pumped loop, flakiized 
mlcroencapsolated and moving PCM. 

One or more salt eoteotios were then matched with the heat exchanger concepts in 
order to select an integrated design for the ten plant cycle locaficns. 

4. 1 PLANT LOAD CURVES 

As shown in Flgpire 4-1, each of the five refer«x!e power plants make up a 
portion of one or more utility systems. As part of its data collection role, the Federal 
Power Commission (FPC) annually compiles and distrlbates dally power consumption 
and peak plant capacity information. Using the FPC's latest published information, as 
a service the General Electric Company provided hourly load factors for each system 
for "average" weekday and weekend conditions recorded over the four seasons of the year. 
With this data, comp^ ter plots of the system's power consumption on an hourly basis for 
weekday and weekend periods were prepared (see Appendix B). 
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Since peak load coodltiODS occur in diSeruit seasons depending on location, the 
seasonal period was selected during which peaking occurs for each plant (utility dvstem). 
For example, in southern regions peak loads will usually be recorded daring summer 
months when air-cooditicning is in great demand; whereas in northern inhistrialized 
regions, winter beating and production req^rements usually produce greater demand 
than other seasons. Regardless of season, peak energy is required during daytime 
hours (8 AM to 8 PM) and energy demand is greater during weekdays than over 
weekMids. 

Baaed on the hij^liest average daily peak load demand £or each 83 rstem, a '’norm- 
alized" peak demand curve was generated for each system. As shown In Figure 4-2. 
nMhf»>gh they reflect different seasocs and different capacities, the diape of the daily peak 
load curve for each system Is remarkaUy similar. This dally peak oould be provided 
by TES by storing heat ove mi ght. The question arises whether it is also desirable to 
ocosider weekaxl heat storage for use daring the week or even off-season storage for use 
daring the peak usage season. Without detailed calculatians it is clear fiiat this is not as 
cost effective as daily energy storage. The purpose of TES is to .-eebee the reepdred 
steam generation capacity at a saving of about $450/KWg. For a given KWg reduction of 
the daily peak, weekend storage would require storing five times as much beat as daily 
storage and hence the TES system would be five times larger, even negiecting the fact 
Qiat week long storage would result in additional heat losses from the system. Seasonal 
storage is, of course, even less cost competitive. Our study was therefore totally 
focused cm a ssrstem utilizing over-night energy storage. 

4.2 TES COST GOAL 

Economics will play the critical role in the decision to adopt TES sjrstems. 

We are not deroribing a system that will significantly change the plant’s heat rate, and 
flierefore will not vary the fuel consumed to generate eleotricjal energy. The trade-off 
is based on potential capital equipment savings and on the operational advantages erf 
baseloaded ecpdpment. Althou^ we will later diow that a TES system may actually im- 
prove &e plant's beat rate slightly, the economic trade-off primarily involves the (luestion 
of increased boiler CMipaoity versus the use cjf TES. Ihat is, witii a TES system we cjan 
■•undersize" tiie boiler for a certain peak plant capacity requirement, wlfii TES providing 
die peak energy demand. 
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GENERIC TYPE 

OPE RATING 
STATION 
CONSIDERED 

LOC 

SYSTEM 

BOILING 

WATER 

REACTOR 

COOPER 
NUCLEAR STA 
UNIT 1 

NEBR 

(NEPP) NEBRASKA PUBUC POWER OISTRKrr 

PRESSURIZED 

WATER 

REACTOR 

THREENII 
ISLAND 
UNIT 1 

PJL 

(GPU) GENERAL PUBLIC UnUTlB 
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BOILER* 

FORT 

MARTIN 

UNIT 1 

W. VA. 
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HIGH TEMP 
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REACTOR 
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ST. VRAIN 
UNIT 1 

COLO 

(PSCO) PUBLIC SERVICE CO. OF COLORADO 
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BOILER* 

ROSE TON 
UNIT 1 

NY. 
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To gain a first -cut insist Into the relative economic advantage of TES and evaluate 
a target -cost for the PCM heat exchanger, we neglected operational consideratiatis and 
performed a sLm;de capital cost comparison. Here, the cost of boiler Island capacity 
to TES system (salt, heat exchanger, fabrication, installaticn, etc.) costs must 
be traded off. Current (1977) costs for boiler fossil) and nuclear Islands range from 
$350 to $450 per electric KW (Figure 2-8). The cost of a TES system, however, is 
depeodeit not orly <hi peak power level (KW) bat jo shape oi the load curve, since the 
amoant of phase change material re<|uired is a function of stored energy. Consider a 
Qrpical daily load curve such as in Figure 4-3. Ihe cost of thermal energy storage will 
be related to the area under this curve for any peak power reduction specified, i.e. : 


TES Cost = K 



where 


C = salt cost p>er unit wei^it 
s 

AH = heat absorbed by salt (Latent plus sensible) 

K - cost multiplier for total system (heat exchanger, piping, land, etc.) 
t = time 

P - power (KW) 


Comp'-rlng the option of TES storage to increased boiler capacity, it "pays” to 
store thermal energy as long as the incremental cost of the TES is less than, or at most 
equal to, the Incremental cost of adding additional steam generating equipment. For each 
increment of power AP, the Incremental TES cost is: 


KC tAP 

ATES Cost = 8 

AH 


Rearr anging this expression: 
System Cost (K 
Unit Wel^t of Salt 


A TES Cost 


AP 


AH 

t 


(4-1) 
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Setting the inorementid TES cost per unit power generated ( ATES Cost/AP) equal to 
the ooat of additional boiler or nuclear island capacity allows us to determine the optimum 
TES cost per unit wei^ of salt for a specified usage duration. Before this point, savings 
will Increase as usage increases, while beyond this, total savings will decrease as usage 
increases and system eventually becomes uzqmofitable (negative savings) . 

Using the foregoing ejqmession, Figure 4-4 shows the relationship between salt heat 
storage (which for a first approximation can be considered to be latent beat), TES cost and 
operating time. Obviously, the hitter the salt's latent heat of fusion, the more energy we 
can store at a given unit cost. For example, with a total TES cost of $1 per pound of salt, 
the figure shows that the optimum duration for which the TES system can suj^y peaking 
power is about 5-7 hours for salts with latent heats of about 70 cal/gm, which will be 
shown later to be typical of salts that are suitable for this apfdication. 

A subsequent review of the system load curves for the five utility plants (see 
Figure 4-2) showed &at a 5-7 hour storage capability would result in a 5% peak reduction. 
Based on this goal we concluded that the TES system could cost no more than $1 per pound 
of salt. To allow for the expected hi^ cost oi the heat exchanger and associated piping, 
site preparation and land cost, engineering fees, etc. , it is apparent that a suitable salt 
must be identified that costs much less than $1 per pound. 

From the above analysis, we can determine the c^jtimum operating time (hours) 
for the TES system based on a TES unit cost. Although this is independent of the plant 
load curve, the total dollar savings realized with the TES will depend on the load curve. 
For example, using a TES system with the steeper load curve illustrated in Figure 4-5 
will result in greater total dollar savings than for the flatter curve. The total TES cost 
will be a function of the area under the load curve, but savings in steam generating 
capability is only proportional to the reduction in hei^it of the peak. Therefore, net 
savings of the steeper load curve over the flatter one will be related to the indicated area. 

This analysis also gave an indication <rf the potential containment maierials that 
could be considered. Based cm a "target cost" of $1 per pound of salt, we could not con- 
sider exotic metals such as Hastelloys or Incoiiel alloys for large surface area beat 
exchangers. In fact, this indicated that we were limited to low carbon or at most stainless 
steels. This latter decision obviously affected salt selection. Not only were we now 
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locddisg to identify a salt costing less than, say, $.25/Ib, but the salt or salt euteotios must 
also be sufficiently compatible with oarbcm or stainless steel to guarantee a system design 
life goal d 30 years. 

As will be shown in the following paragraphs, much of our subsequent effort verified 
the conclusiois reached from dxis relatively simple, preliminary economic study. We 
iterated many designs and potential salt decisions using this evaluation criteria. 

4.3 SELECTICW OF PEAKING CAPABILITY TO BE PROVIDED BY TES 

As previously discussed (Section 4.1), a review of "normalized” S 3 rstem load curves 
indicated that these curves would be similar for each of the five reference systems under 
consideration (see Figure 4-2). Reviewing the system load data and comparing the In- 
clusion of TES to the alternate cost of meeting peaking demands (cycling a large steam 
generator) , It was ooncluded that the system could be most profitably used on a daily 
(rather than weekly or seasonal) basis to provide peaking capability of approximately 5% 
of capacity. 

Therefore, as a first cut, using the normallaed curves presented in Figure 4-2 
we estimated the peak power saving (MW), the period (hours) for which the demand ex- 
ceeded 5% and, therefore, the amount of energy that needed to be stored. Figure 4-6 
summarizes the results of this analysis for each system under consideration. Notice 
that the period during which demand exceeds 95% of the "normalized" peak plant capacity 
ranges from 4.34 to 7.68 hours. On the average, then, for a "typical" system we may 
say that in order to increase system capacity by 5% we must store energy over about 
18 hours which will subsequently be used to meet peaking requirements over the remaining 
6 -hour daily period. 

After we design the TES system and determine its cost, an iterative evaluation is 
required to determine the correct optimum peak reduction for a specific plant and load 
curve. 
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SAVING FOR FLAT 



Rg. 4-5 Effect of Load Variation Curve on Peak Load Reduction 
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4.4 CANDIDATE PHASE CHANGE MATERIALS/CONTAINER MATERIALS 
4.4.1 Screening Criteria. 

Aa disouased in the previoua section, oar preliminary economic tradeoff indicated 
that the total TES system capital cost (including salt, heat exchanger fabrication, installa- 
tion, etc.) would have to be less than about $1 per pound of salt. 

Therefore, we initially set out to identify salts that could be purchased at relatively 
low cost and were sufficiently compatible with stainless steels to satisfy our 30-year life 
design goal. It was also important to establish the cost of additional purification beyond 
commercial grade levels that would be required for this application. This is a very real 
problem for which a definite answer is unavailable due to a scarcity of corrosion data. 

In re'dewlng data we also sought to evaluate other parameters of interest, such as safety, 
toxicity and environmental impact. 

Although selection of salts for use in thermal energy storage systems has been given 
a great deal of attention by various researches in recent years, most of this work has 
consisted of analysis or experiments on specific salts so that less data has been developed 
than is desired, especially when attempting to evaluate a broad range of salts. Only p>artial 
data is available, therefore, regarding thermopdiyBical properties, let alone containment, 
corrosion or purity information. Much of the existing data applies to salts when exposed to 
air (metal heat treating) which would tend to overstate corrosion problems, or to salts that 
have not been uniformly purified, so that data of different investigators do not agree. For 
certain single salts and for a very few specific eutectics, relatively complete data does 
exist which can be used to predict how similar salts may behave. 

For our application, the following initial screening criteria were established for salt 
selection: 

• Melting point between 200-500“C (400-900°F) 

• Inexpensive ( < $.25 per lb. as a guideline, based on large quantity costs 
paiblished in the Chemical Marketing Reporter (CMR)). 

• Few safety hazards beyond those ordinarily associated with hot liquids. 

• Low corrosion rate with low carbon or stainless steel, so that 30-year design life 
is possible. 
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A number of salt families are candidates for latent heat thermal aaergy storage. 

These are fluorides, chlorides, hydroxides, nitrate/nitrites, carbonates, sulfates, bro- 
mides and some oxides. Various researchers have recommended salts from these famlUes 
for specific themnal storage applications. Individual consideration of each of these types 
will be given below, together with our reasons for positive or negative reoomm»idatioo for 
the electric utility application. 

Initially, single salts were screened on the basis of price. Since It was not clear that 
a siifficient number would be identified on this basis, and as coats will vary depending on the 
quantity ordered, we began with salts costing up to almost $SAb. Appendix C lists 175 candi- 
date single salts initially selected from the CMR (Ref 2). From the literature and discus- 
sions with Drs. Janz and Borucka, our consultants, eutectics using these salts which melt 
in our desired range were determined. The cheapest were selected for further evaluation 
(Flgxire 4-7), making sure that our entire temperature range was covered. A disctmsion of 
salts by types is presented in the following paragraphs. 

4.4.2 Fluorides 

In general, fluorides possess the "best” thermal properties and therefore have re- 
ceived a great deal of attention. Many researchers have developed TES systems using 
fluoride salts (Reference 1, 3 and 4). For our application, however, fluorides were rejected, 
since costs are relatively high althou^ thermal properties are excellent. According to 
Reference 2, the cost of commonly considered fluorides are; 

KF $ .62/lb 

NaF $ .32Ab 

LiF $ 2.62Ab 

These costa are not the last word on the subject since Reference 4 lists possible revised 
prices based on a large increase in production rates and improved production techniques. 
Under these circumstances the prices mi^t become: 

KF S .19-. 36/lb 

NaF $ .05-. 26/lb 

LiF $1.16-1. 51/lb 

According to Reference 3, the only fluoride mixtures which melt below 500°C (lOOO'F) contain 
large amounts of LiF, BeF 2 or MBF 4 (where M = alkali metal). Of these, BeFg is expen- 
sive and hif^y toxic and therefore was rejected. MBF^ has a significant vapor pressure 
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^tD BF 3 and oan be extremely corroaiva even to high nickel content alloys and was rejected. 
XiiF is relatively expensive and poses the problem of availability. Even modest TES systems 
utility plants will require approximately 10 million lbs. of salt per plant. Foote Mineral, 
;^e largest manufacturer of LiF (and of Li salts in general), Informed us that their potential- 
production capacity of LiF was only 4 million lbs. per year; that any program to slgnifl- ' 
'oantly increase this would require 18 to 24 months lead time before producticm would 
qoxnmence, and would involve considerable capital investment (Reference 5). For this 
peason, the use of LiF in the immediate future in large systems was considered impractical. 
Fluorides were therefore eliminated fiom further consideration since euteotios having ac- 
peptable melting points were not available in large quantities at reasonable prices. Other 
objections to fluorides Include the fact that they give off toxic fumes when heated, especially - 
J^F and MgF 2 (Beference 6 ). However, this objection roa> not be a problem in a well de- 
■signed system. KF (Reference 1) is hygroscopic. In second generation systems usiiig a 
TES iinlt which ^res heat directly from the boiler at high temperatures, fluorides should 
be considered. Beference 1 contains results of complete experimental Investigations of all 
important containment and safety questions related to a fluoride euteotios. 

4.4,3 Chloride 

Chlorides do not exhibit thermal properties as desirable as fluorides, nor is there 
as much data available. However, several chloride eutectics exist which melt in our desired 
temperature range and meet our tai . t cost criteria, so that chlorides are among our recom- 
mended salts. Initially, we considered eutectics made of the following single chloride salts: 

Coat of Industrial Grades 
(Reference 2) , 


NaCl 

$ . 02 Ab 

KCl 

$ . 02 Ab 

MgClg 

$ .127/lb 

ZnCl 2 

$l.39Ab 

BaClg 

$ ,153Ab 

CaCl 2 

$ .03Ab 


ZnCl 2 was subsequently eliminated not only because of its relatively high cost, but 
since it has a tendency to supercool (form a glass, Reference ( 6 )), Is very corrosive (at 
least in the presence of moisture) and gives off toxic fumes when heated strongly. The de- 
cision to eliminate ZnCl 2 was reluctant, since it has a low melting point (541”F) and would 
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have perxnitted the use of ohionde salts down to 442°F in a euteotlo mix. Some euteoUcs of 
AICI 3 exist whloh melt at low temperatures, but these were ruled out since AICI 3 rt 3 acts 
vigorously with water yielding HCl. Fumes of HCl are produced when AlCl^ comes Into 
contact with moist air and AICI 3 is corrosive to skin (Reference 7). Furthermore, under 
atmospdierio pressure, AICI 3 does not melt but sublimes. It is felt that this would 
result in excessive safety and handling problems. The five (5) remaining chloride salts 
form eutectics which melt above 725“F so that chlondts ar^ recommended for the high end 
of energy storage only (800-1000'’F). 


Thermal property data on chloride salts are scarce, and that for eutectics is almust 

non-existant. Reference 8 lists properties ( P, , 0 , k) for these r.alts with some 

IS p 

exceptions; e.g. , no values are presented for liquid thennal conductivity for any of the 
listed salts and values of solid theimal conductivity are included only for NaCl and KCl. 

It Is worth noting that authorities argue that muoh of the data that does exist is unreliable 
or even contradictory (References 3 and 8 ), It is Important that the properties of the 
eutectic salts under discussion here cannot, in general, be estimated from values of the 
constituent salts. Experiment^ determination of properties is a prerequisite to any hard- 
ware program. 


Authorities agreed that even if present in minute amounts, water would cause exces- 
sive corrosion with chloride salts. Llttiewood (References 9 and 10) Koger (Reference 11), 
Susskind (Reference 12) and DeVan (Reference 13) support the hypothesis that molten chlor- 
ides can be contained in mild steel if they are dry and pure. SusskiiKi tested a eutectic of 
NaCl*KCl*MgCl 2 in 1020 mild steel for 1000 hours at 500°C and noted no intergranular or 
mass transfer corrosion. The penetration depth was .7 mils/yr. It must be pointed out 
that extreme care was taken with material preparation. All apparatus in wiiich salts were 
prepared were thoroughly cleaned and leak tested using a He mass spectrometer detector. 
Inert atmospheres of helium or argon were used and tbese were purified by passage o&er 
titanium chips at 850°C, The eutectic was prepared by vacuum-melting and outgassing at 
500°C to a pressure of less than 20 jj . . Reagent grade salts and anhydrous MgClg were 
used. Reference 14 reports successful containment of chlorides after removal of water 
with a gettering metal (aluminum or magnesium). Obviously, if such strict purification 
standards must be met for the quantities of salt Involved in a utility installation, it will 
materially increase the PCM cost. This will be discussed in a later section on salt 
oorro slon/purlfic ation . 
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MgCl 2 and CaCl 2 i when heated give off toxic fumes which could be a : roblem if a TES 
unit ruptures. Also, chlorides have a very large volume change on fusion. For example, for 
NaCl the volume change from solid to liquid Is 25%, so that significant salt movement will 
occur during cycling. CaCl 2 is a dessicant, so that an exothermic reaction will occur if it 
contacts water. Chlorides should be operated under a dry N 2 atmosphere. Mg(OH )2 con- 
tamination of MgCl 2 results In the formation of oxichJoride cement (MgOCl), which could be 
a problem. 

4.4.4 Hydroxides 

The hydroxides considered were; 


LiOH 

$ 1 . 97/lb, Reference 15 

NaOH 

$ .13/lb, Reference 15 

KOH 

$ .075Ab, Reference 2 


Of these, LiOH was eliminated because of cost and availability, although it had the best 
thermal and corrosive properties. 

Data on the properties of hydroxides are more available than for chlorides. Reference 8 
gives a complete set of data for NaOH except for solid phase thermal conductivity. It should 
be noted that NaOH in addition to a solid-liquid transformation at 610°F, which has a 
AHfg ■-= 38 cal/gm, also exhibits a solid-solid phase transformation at 565°F, with an ad- 
ditional AH = 38 cal/gm. 

A non-eutectic mix of NaOH (91%), NaNOg ( 8 %) and 1% unspecified corrosion control 
additives is marketed under the name "Thermkeep"^^ by Comstock and Wescott, Inc. 
(Reference 16), at a cost of about $.20 per lb. 

Two contaminants which pose a corrosion problem in NaOH are H 2 O and CO 9 , which 
can be absorbed from the atmosphere. Use of a blanket atmosphere is essential and Refer- 
ences 3 'nd 17 agree it should be H 2 . Reference 3 notes that this introduces possible long- 
term probi_ms with hydrogen embrittlement of the alloys and weldments of the containment 
unit. The danger of explosion inherent in a pressurized H 2 atmosphere (Reference 17) sug- 
gests that satisfactory results might be obtained using a mixture of 10% H 2 and 90% N '2 which 
would reduce the risk. Reference 15 questions the seriousness of CO 2 contamination and 
points out some contradictions in existing data regarding water contamination. Most author- 
ities (Reference 8 and 15) suggest using stainless steel, however, Comstock and Wescott 
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use mild steel in their 'Thenukeep^ system apparently made possible by tbeir use of a 
corrosion inhibitor, ^rrosion problems may be expected to be worse lor KOH tiiian NaQH 
(Reference 15). 

Hydroxides are extremely hygroscopic and any contact with water would cause a highly 
exothermic reaction, possibly explosive in nature. In addition, hydroxides are oaustic and 
could be a danger to personnel in the vicinity of a ruptured container. According to Refer- 

t’-, 

enoe 6, NaOU may give off toxio fumes when strongly heated. 

4.4.5 Kitrates/Nitrites 

While the thermal properties of uitrates/nitrite eutectics are not as good aa those of 
chlorides ami hydroxides, the low its, good corrosion properties and low melting points 
make them good candidates for our TES application. The specific salts considered axe: ' 

KNO $ .095/lb, Reference 2 

NaNOg $ .076/lb, Referaice 2 

NaN02 $ .3095Ab, Croton Chemical 

Eutectic mixtures of these three salts have been available under various trade names as 
heat transfer fluids since the late 1930's (U-TEC-TIC, HTTEC, HTS, Partherm). Refer- 
ence 18 describes a 290°F melUng point eutectic called "HTS”, udiich is identical to HTTEC, 
Partherm 290, and U-TEC-TIC, References 19 and 20. Fairly complete data is available 
for these salts because of their long use. 

The propertieB of several ^tectics of these salts are available, particularly of the 
290°F melting point eutectic. No problems are envisioned in obtaining data for these salts. 

Nitrates/nitrites are superior to most salts in that they form a passivating layer on 
st^ls by the formation of surface oxide layers. Moreover, the presence of small amounts 
of water does not a{^ar to increase the corrosion rate significantly (Reference 3). Kirst, 
et al, give a corrosion rate on mild steel of .0003 in/month at 830°F (Reference 18). Most 
corrosion problems will result from solid impurities in the melt, particularly with 
NagSO^ and Al oxides. A blanketing atmosphere of Ng is recommended by several sources 
(Reference 3, 17 and 18), 

Nitrites do not pose some of the hazards associated with other salts; they evolve no 
toxic gases nor are they caustic. They should, however, be kept out of contact with cyanide, 
aluminum, and organic matter ^re hazard). At temperatures above 454° C, nitrites con- 
tinuously deir-ade by 5 NaNOg — ► 3NaNOg + NagO + Ng. This represents the upper limit 
to which the - salts are useful and care should be taken to prevent nitrite containing TES 
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limits from overheating. Baker Chemical lists the decomposition point of NaNO^ as 380°C. 
Compared to chlorides, nitrates present much less of a problem from volume change on 
fusion, the increase for NaNO^ being 10.7%, that for KNO^ only 3.3% and that lor NaN 02 
less than 20 % (Befer^ce 8 ). 

4.4.6 Cartwnat^ 

Reference 15 reojmmtjnds carbonates over chlorides and hydroxides as heat storage 
salts. However, ail of the recommended eutectics which melt below lOOOT contain 

1 ^ 2003 . Hence, the same cost problem {% ,16/lh) and availability problems which apply to 

>■ 

LiF also apply to Li^^CO^, althou^ to a slightly lesser degree. In any case, significant 
production capacity would have to be txiilt before large scale use of carbonates can be o<m- 
sidered. This is unfortunate since carbonates have very good thermal properties. More- 
over, the presence of the L 12 C 02 appears to have a passivating effect on steel surfaces. 
Research carried out at IGT (Reference 15) has shown that the 300 series Stainless Steels 
are compatable with alkali caihonates for periods over five years. Reference 3 lists a 
^tectic mix of 57% K 2 CX >3 and 43% MgCO^ which melts at 860°F and as such would be suit- 
able for our system. It was eliminated from our list of recommended eutectics since it is 
more expensive (KgCXJg, $. 0975 lb, MgCOg, $. 30/lb. ) than the selected chloride eutectic 
which melts at 86 4° F and which has a higher heat of fusion. This carbonate eutectic would 
probably be more aggressively corrosive than eutectics containing 112^0^ since work by 
Janz has shown that it is the formation of a LiFe 02 passivating layer which is responsible 
for slowing the corrosion of these systems. 

4.4.7 &d£ates 

Sulfates were rejected because of their extremely corrosive nature. When heated, sul- 
fates t^d to form sulfides which result in rapid steel corrosion (Reference 3). An oxj'geai 
atmosphere has been suggested to retard sulfide formation, but the presence of O 2 results in 
a different set of corrosion problems as the steel is prone to oxidize. 

4.4.8 Oxides 

Reference 3 discusses the possible use of ^ 2^3 ^ ^ PCM, but rejects its use since it 
is corrosive and difficult to purify. Reference 15 disagrees on the corrosion point in the 
case of stainless steel but the tests were only conducted for a few hours. The thermal prop- 
erties of B 2 O 2 are similar to those for hydroxides and it melts at 450°C. Since there Is 
no lack of chloride salt mixuires with better thermal properties, B 2 O 2 is not "ecommended. 


4-16 



4.4.9 Thermal Mass Traasier Corrosion 

In additi(tt to the oorrosion problems mentioned above we should motion that of 
thermal mass transfer corrosion. According to Reference 8, when a temiMrature gradient 
exists in a flowing salt system, thermal potentials exist which remove metal at hot points 
and deposit metal at cooler points . These reactions are electroijrtio anii are called 
Faradaic mass transfer. Susskind (Reference 12) conducted mass transfer tests on a 
chloride ^itectic. Plugg i ng occurred in a 1/2 inch stainless steel tube loop after 4000 hours 
of operation. This indicates that mass transfer corrosion may be a concern with a flowing 
salt B 3 rstem. Altlxm^ this phenomenon could conceiveably oc<nir in static salt systems with 
large temperature gradien t s, it is not expected to be a problem in o'er case since tempera- 
ture gradients are small and heat exchangers are configured so that salt is heated from 
the top and cooled &om the bottom vdiich convection curxmits. 

4.4.10 Salt Thermophjrsical Data 

Along with the chemical composition of each selected salt compound. Figure 4-8 also 
lists the thermofdiysical data required in order to design the PCM heat exchanger; i.e. , the 
latent heat of fiision ( AH^g), specific heat (Cp), solid and liquid thermal conductivity 
(kg and kj^), and solid and liquid density ( P s and Pl ). Unfortunately, thermophysical 
salt data are difficult to compile. Dffierent experimenters report different properties and 
available analytical procedures are questionable for predicting what cannot be measured. 

In the following paragrsqdis, therefore, a brief discussion of the sources of data for each of 
the thennoi^ysical properties is presented, along with qualitative evaluation of the accuracy 
of tabula t ed data. Footnotes in Figure 4-8 id^itify how each piece of data was obtained. The 
salts listed are the cheapest available in their temperature range on a $/ AH£g basis. 

Densities ( Pg PjJ - For most of the single salts considered, experimental values for the 
densities of the solid and liquid phases are available. This is not the case with most of the 
aitectics considered. We have, therefore, estimated the eutectic densiues by ratioing 
densities of the constituent salts by the weight percentages of each salt present in the eutectic. 
Various sources (e.g. References 8 and 15) doubt the accuracy of this method but offer no 
preferraWe m^hod. Both References present eutectic densities, but disclaim their accuracy. 

Heats of Fusion ( A Hfg ) - The state of data for heats of fusion is similar to that for 
density, and we have treated them the same way. Estimated values given by References 
8 and 15 are similar, but both Borucka and IGT feel these munbers are not accurate. 
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^>ecific Heats - Sli^xtly less data appears to be available for specific heats, and often -data 
is available only for one phase (solid or liquid). Boruoka suggests using a factor of 
c |/c = 1.10 to estimate the specific heat of a phase when a value for the other phase 

pi ps 

available. We present numbers from Reference 8 and 15 when availaUe, and ratio by ^4- 
wei^ (%) the values for single salts when they are not. 


Thermal Conductivities - The least data are available for thermal conductivities. Bramlette 
et al. Reference 3, state that data for chloiides are so sparse and inaccurate that they can 
not even present it. Analytical procedures exist for the thermal conductivity of the liquid' 
phase, but they are considered to be inaccurate. Complicating this is the fact that, 
according to Borucka, accurate measurements of thermal conductivity is difficult so th^ 
such experimental values as do exist must be substantiated to establish accuracy. 


We have listed data and estimates presented in Reference 8 , 15 and 3. Other values 
have been set by also using values of the liquid phase for that of the solid phase or by assign- 
ing approximate values found for some salts for all salts in that family (chlorides). ' 


As gathered from the above discussion, much of the data presented in Figure 4-8 
is unavoidably suspect. The question is whether this uncertainty is significant to our 
overall goal of determining the basic feasibility of a latent heat thermal energy storage 
system. We will answer this in a later section with a sensitivity study of a specific heat 
exchanger configuration. By taking reasonaUe variaticms on critical salt properties, we 
can determine the overall impact on the t(^al system cost and hence feasibility. 


4. 4. 11 Ssdt Parity 


Ihe required degree of salt purification can only be estimated. First, it was neces- 
sary to determine parity levels of commercially available salts. Siqipliers of salt in large 
quantities were contacted including Foote Mineral, Croton Chemical Company, Morton Salt 
Company, Hooker Chemicals and Plastics Corporation, Dow Chemical, and lAIC Chemical 
Group. The data received for Ca CI 2 , MgCl 2 t NaCl, KOH, NaOH, NaN 02 , KNO 2 
Ca(N 03)2 is presented in Appendix D. 

The purity of the salts range from 90 to 99,5% (not including water of crystallization) 
with a variety of impurities. In the case of MgCl 2 • 6 H 2 O and CaCl 2 • 2 H 2 O, rou^y 50% 
and 20% HoO, respectively, are contained in the crystal lattice. To determine which of the 
various inqiurlties ml^it pose problems and have to be removed, these data were sent to 
Drs. Boruoka and Janz for their comments. Although both consultants expressed reserva- 
tions about estimating the added purification required without Btq)porting test data, we felt 
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that including this cost was important to a fair eoonomlo evaluation of the T£S concept. 
Iherefore, we asked that they give us their t^jlnions on this subject. Dr. Boruoka contacted 
the five suppliers and foujtul that none appeared interested in further purifying the salts prior 
to delivery. For purification she was referred to J. T. Baker Chemical or Mallinokrodt, who 
produce small quantities of leagent grade materials. Ihis may indicate that extra purifies-* 
tion will have to be undertaken by the TES user. Both Drs. Jstiu and Boruoka agreed that 
water and oxygen are critical contaminants and that water must be removed from salts to 
die mnximiiTn degree possible. Both further felt that traces of Ka 2 S 04 could be troublesome, 
especially if it were to separate from the bulk mass and collect in one locafiou. Dr. Boruoka 
further commented that removal of A1 oxides, K 2 SO 4 , KCIO 3 , Hg metal and hlg (OU )2 traces 
xni^^ be required. Her comments are smnmariaed in Figure 4r-9. 

Both investigators stressed the need for further research on the effect of ttese trace 
Impurities on corrosian. Janz and Borucks described similar techniques for removal of 
traces of water and oxygen. Both agree that such purification should be undertaken after the 
salt has been placed in the TES heat exchanger, so that atmospheric contact will not 
occur after purification. B is noteworthy that the cost of fuel oil to heat the salt for this pur- 
pose would be only 1/2 ^/Ib at 40^ per gallon of oil. Other costa are difficult to estimate. 

The need for a vacumn freeze/tbaw purificatioa cycle can increase thickness of the TES heat 
exchanger walls, thus increasing system costs. Alternately a larger vacuum shell could be 
constructed to hold the heat exchanger so that only one very heavy walled unit would be re- 
qoixed which could purify many units. Ihe capital cost per unit will be lower as more units 
are processed so that if TES use becomes wide spread the cost could become quite low. The 
cost of a pressure vessel to contain a TES heat exchanger would be about $300,000, or only 
about $. 02^b of salt for a TES system for a single 1000 megawatt utility plant. The pro- 
cedure to remove solid impurities (NaS 04 primarily) was described by Dr. Borucka as best 
conducted in aqueous solutions of the parent salt by selected chemical reactions. This would 
indicate that solid purification mi^t best be undertaken by the salt manufacturer. 

Bulk prices for our ncommended salts are given in Figure 4-10. Column 1 gives the 
bulk cost for "as received" salt quoted in Reference 2. Column 2 gives prices per pound 
quoted by suppliers In truckload quantities ( > 20, 000 lbs, the largest lot quoted and 
therefore the lowest price). As previously mentioned, Reference 18 sxiggests that a signifi- 
cant increase in demand of fluoride p-Ut could resxilt in a cost reduction. The same may be 
true for our recommended salts, so that the advent of widespread TES usage could resiilt in 
lower prices than those quoted. In the other direction, prices will Increase due to added 
purification costs, hi two extreme cases (MgCl 2 £uid CaCl 2 ), crystalline water accounts for 
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(a) UgCI 2 is fact: M8CI2 • SH^O. i^^xxrt-t-BO%watsr content. 

(b) Purity Spadfic ati ora not datailed sulfid^ttly. 

(c) Supplier and purity nc^ identified so far. 

234»03p0 

Ftft.4>9 Sug^ttsd Sah Purification Raquirniiants 
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50% and 20% of tlie salt wel^ respectively so that in order to get 1 lb of anhydrous 
2 Ibm of hilgClo oiystals must be purchased; this effectively doubles the cost of thisJv 
' p^t even vdthout inoloding water removal cost. Ihis adjusted inirobase price as shown ^ 
:iWColumn 4 includes an allowance of $.0SAb on all salts for the energy required for water 
'|zemovalf amortization of a vacuum vessel and pumping station for vacuum bakeout, and provi- 
^.^Sions for extra supplier charge for solid impurity removal. B will be shown later than ev^ - 
i;'^|f this estimate is scnueudiat <^>timistic it will ntA fligniflcantly aSeot our oostAiOhf^ 1 ' ' - 
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Fig. 4-10 Cost Estimates — Salts Racommendad for TES Systsms 
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4.5 CANDIDATE HEAT EXCHANGER CONCEPTS;. ■ • , f r f v.’ ■ ' - - - ’■ ' 

^ As previously ^ted, a goal of the study Aivas to consider a reasonable mimber of 
heat exchanger designs so that a selection of pronoising TES configurations could be 
The intention was not to optimize a single design, but rather to demonstrate design :;- ' 
feasibility and determine overall cost effectiveness of latent heat thermal storage, . In. 
keeping with this philosophy wo consider^ the |b)Iowlog heat exdianger desii^: _ " 

... «. Tube/SieU-'.,4:.;fC ■; 




r f-M 




• . >• Heat pipe-" ' '■ ' . 0 - >v; 

r.'- , • Macroencapsulated PCM ; ^ > >, 

'j- '- : . i . . : , 

«r Fluidized microencapsulated PCM. " " 

• Moving PCM. • 

Althniigh preliminary calculations were performed on each c<Bicept. more work waa do ne 
on the tube/shell which we selected as our baseline design. 

4.5.1 Tube/SheU 


Tube/shell heat exchangers for feedwater heating are currently in widespread use 
in the utility iiKhistry. They are generally constructed with U-tubes and a single tube 
sheet as shown in Figure 4-llA but can also be double tube sheet construction as shown 
in Figure 4-11 B & C. A large plant can employ six or more feedwater heaters in series 
to raise the temperature of water leaving the condenser from 100-110° F to approximately 
500-550°F prior to entering the boiler. Feedwater In the tubes Is heated by steam on the 
shell side which is extracted from various points in the turbine(s). These heaters are 
usually installed horizontally and can be up to 50 ft. long. They are typically 8-10 ft. in 
dismeter. Our proposed TES tube/shell heat exchanger Is a variation on this design. In 
order to prevent rupture of the unit which could occur if melting salt is not free to 
expand, our tube/shell design must provide a free liquid surface with the melt line 
proceeding down from the top of the unit. The most direct way to accomplish this is to 
use a double tube sheet, single pass unit mounted vertically as conceptually shown in Figure 
4-12. A single tube sheet, single pass unit mounted vertically with the tube sheet at the 
top mi^t also work, but was considered a greater risk for Initial designs because of the 
possibility of blocked liquid relief paths due to settling of the solid. During energy storage, 
steam from the boiler enters the top of the unit and flows downward through the tubes so 
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B) TWO-PASS TUBE, BAFFLED SINGLE-PASS SHELL, SHELL-AND-TUBE HEAT EXCHANGER 
DESIGNED FOR MECHANICAL CLEANING OF THE INSIDE OF THE TUBES. (COURTESY 
PATTERSON-KELLEY COJ 



C) HEAT EXCHANGER SIMILAR TO B EXCEPT WITH A FLOATING HEAD TO ACCOMMODATE 
DIFFERENTIAL THERMAL EXPANSION BETWEEN TUBES AND SHELL. (COURTESY 
PATTERSON-KELLEY CO.) 

Pig. 4.1 1 Tube & Shell Heat Exchanger Designs 
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Fig. 4-12 TES Shell and Tube Heat Exchanger Concept 
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that salt melting progreases from top to i attorn of the unit- The shell contains the salt 
phase change material. During energy usage, feedwater enters the bottom of the unit and 
salt is solidified from the bottom up. 

To minimize the number of heat exchanger modules, each unit should be as large as 
practical. Reasonable limits for railroad car shipping without special provisions are 40 ft. 
long by 15 ft. diameter. This size unit will weight (including salt) approximately 400, 000 lbs. 
which is also acceptable for on-site hoisting by crane. Within overall size constraints the 
design problem is to determine tube size and spacing that meets performance requirements 
at minimum cost. 

Although the bulk of our analytical efforts for other designs relied on closed-form 
solutions and hand calculations, a computer analysis was performed for the tube/shell 
design. This analysis verified the adequacy of the h<md calculation methods and permitted 
more rigorous evaluation of our baseline design. The analysis was performed to size the 
TES heat exchangers required for feedwater heating at the Ft. Martin plant. Figures 4-13 
and 4-14 present the preliminary state point conditions and net plant heat rates during 
energy 'mage and usage (peaking) modes. 

A the 'mal network and computer program was set up to model the performance of 
our baseline tube/shell TES heat exchanger. The program represents one tube of a 30 foot 
long heat exchanger, and was initially set up with six salt and five extraction 
locations (see Figure 4-15). 

The model Includes a sub-routine to control extraction of steam from the unit on the 
storage side and water on the usage side as a function of exit temperature from each of 
the sections. During energy storage, the logic was written to permit fluid flow from one 
section into the next as long as the temperature was greater than or equal to a control 
temperature (TCg) - Once temperature dropped below this control point, the program would 
divert the flow out of the unit so that further fluid cooling could not occur. During energy 
storage the steam enters at 1,000°F and should exit at 705® F (see Figure 4-13). Therefore, 
for the initial run (Case 1) we set the control temperature during storage at 705°F, wWch is 
the desired outlet temperature. Similarly, during energy usage the program permitted 
the fluid to flow through the salt sections until its temperature equals or exceeds another 
control point (Tc^). Here (Case 1) we set this limit to the desired outlet temperature of 
514®F for our Initial runs. 
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Figure 4-13. Ft. Martin Heat Balance, - oedwater Heating Storage Mode 
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Fig. 4 14 Ft. Martin Heat Balance, Feedwater Heating Usage (Peak) Mode 































Figure 4-16 describes the overall logic that was used to size and evaluate the tube 
shell heat exchanger. As shown, the first step was to select an o\>erall heat exchanger 
length for evaluation which we took as 40 ft. Following this, we determined the type and 
mass of salt required from an energy /temperature plot vor each case (see Figure 4-17). 
Next, based on these energy requirements, we segpnented the total heat exchanger length 
amongst the various salts selected. We then estimated the required pipe spacing for the 
various salts based on maintaining a minimum temperature difference of about 100° F 
between the fluid line and the salt melt roint us'ng a hand calculation. As will be discussed 
in more detail later, we calculated the melt line position based cm a simplified one- 
dimensional heat transfer equation from Carslaw and Jaeger (Reference 21). 

Using the total mass of salt required, the length of salt segments and pipe spacing 
determined above, we then calculated the total number of pipes required and the mass flow 
rate (and velocity) throu^ each pipe. We then ran the program to d^ermine performance 
of the TES unit. 

Salts and dimensions shown in Figure 4-lb were determined using this procedure for 
the Ft. Martin/feedwater heating case. As shown. Cases 1 and 2 have different flow control 
temperatures (I'c, & Tc ). Note that for these calculations, we used preliminary power 
plant information. For subsequent design refinement, detailed computer analyses were 
used to integrate the TES into the plant cycle and change these initial thermodynamic 
conditions (see Section 5.1). 

Since we chose to analyze a single tube throughout the heat exchanger, the number 
of pipes was based on the m inimum spacing dictated by the various salts. Thus, in a 
two-salt unit, if salt #1 required a minimum spacing of 4 inches and salt #2, 5 inches, 
the total number of pipes required was then calculated based on the 4 inch spacing. 
Alternately, we could have varied tube spacing in the various salts by varying the mass 
flow rate through the tube in the various salt seeffons. Obviously, we would then require 
a different number of tubes in the vaidous sections of the unit. In our design refinement 
effort (Section 5. 1, ) a more realistic appraisal of tube spacing and flow arrangement was 
made. 
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Select owrall heat exchanger length based on practical oonstraints. 

Step (2): Detgmina component talc and mass required based on energy /tempaature profile. 

Step (3): Based on energy requirements, aportion total heat exohangter length amongst 

component taitt. 

Step (4); Determine pipe spacing for component salts based on preliminarY hand 
caicutaticftt. 

Step (5): Based on results of Steps (2), (3), and (4), calculate total number of pipes required 

and mass flow rate and weiodtv through single pipe. 

Step (fi): Run program to evaluate performance — outlet temperature profile, transient salt 

temperature profile and energy stored. 

234»03S0 

Rg. ^16 Heat Exchangsr Design/Analyse Logic 
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(b) AUXILIARY POWER SUPPLY (C8I 
NOTE: SALT CHOSEN TO allow ABOUTlOCfF 

TEMPERATURE DIFFERENCE BETWEEN SALT 
MELT TEMPERATURE AND EXIT FLOW 
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Rg. 4-17 Location of Energy Stored in TEi> Cycie for Ft. Martin Feedwata- Heating 
and Auxiliary Power Designs 
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Fig. 4-19 TES Outlet Fluid Temperature, Ft. Martki FeecNwater Heating — Can 1 
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Based on the initial temperature/energy profile of the Ft. Martin^eedwater heating 
case it was decided that a two-salt unit, using NaCl . NaN 03 and KCl • NaCl • MgCl2 
eutectics wcwld be satisfactory (Figure 4-17). Neglecting the sensible heat storage of 
each salt, it was initially determined that each salt would store an equal amount of 
energy and, therefore, the total heat exchanger length was segmented into two equal 
sections of 20 feet each. Preliminary analysis, however, showed that the sensible heat 
contrilmtion would be significant (*^30% of total) and that ten feet of the NaCl NaNO^ 
unit would be inactive. Ihe analysis was therefore run for a 30 foot long heat 
exchanger. 

Pressure drop calculations and the total and latent energy stored and used (supplied) 
are also presented in Figure 4-18. As shown, pressure drop throu^ the heat exchanger 
section neglecting entrance effects, elbows, etc. , will be insignificant. Ihe energy data 
presented has been extracted from our computer runs and corresponds to the third day of 
operation from an initial stable salt temperature of 1, 000° F. . For this case we want to 

9 

store 1.26 X 10 BTU. Storage of a larger amount of energy indicates that the mass of salt, 
ami hence the heat exchanger size, can be decreased. Cfcviously, energy stored should equal 
energy used. The imbalance between these parameters indicates that a daily steady state 
condition was not fully achieved. 

Figure 4-19 presents a plot of the exit water and steam temperature during the energy 
usage and storage periods for this analysis. As shown, over significant time periods the 
feedwater outlet temperature was significantly higher or lower than the desired outlet 
temperature of 514° F, and the steam temperature was about 100°F below the desired outlet 
temperature of 705° F over most of the energy storage phase. This figure represents 
conditions after 48 hours of operation, starting from an initial salt temperature of 
1,000°F. Fig. 4-20 presents energy used and stored (BTLPs) as a function of time for this 
case. As shown, (1.26) 10^ BTU’s were siqjplied during the energy usage phase, while 
(1. 39) 10^ BTlPs were stored during the energy storage period. This implies that steady 
state has not been reached and that the program would have to execute more cycles to achieve 
final conditions. 

Figure 4-21 presents a map of nodal temperatures at the end of the storage and usage 
p>eriods. Ibis plot enables us to evaluate the adequacy of our preliminary pipe spacing cal- 
culation and also how much ^ any) of the salt will remain inactive. As shown, it appears 
that our hand calculations can adequately sp>ecify the required pip>e spacing. Looking at the 
end of storage, we see that the salt tempterature at the farthest locations and greatest depth 
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starting from the entrance are at the melting point for each of the salts (Node 15 = 725“ F, 

Node 8 = 567“ F). This implies that increasing the active salt radius would not Increase the 
latent heat contribution of the salt. It is significant that the lower section of the heat exchanger 
(nodes 3, 5, and 7) remains at constant temperature (424° F) throughout the usage and stor- 
age periods. This suggests that we have oversized the heat exchanger and that we can elimi- 
nate another five (5) feet of total length, reducing the final unit to 25 feet long. This reduc- 
tion may be attributed to our preliminary method of sizing the TES unit based on latent heat 
storage only. Note that if we wish to maintain the 40 ft. length we can increase the flow 
through the tube and thus require fewer total modules. 

Our analysis extracts fluid from the unit in discrete steps based on two control tem- 
pei'atures. Another case (Case 2) was run to examine the influence of this parameter with 
the same conditions as above, except that steam control temperature (T„ _) was set 50° F 

o ^ j 2 

higher than before (755 rather than 705 F) and water control temperature (Tq j) was set 
50° F lower (464 rather than 514° F). This change did not significantly affect the final 
results in terms of fluid outlet temperature, although some parts of the PCM did run signifi- 
cantly hotter (see Figures 4-22 and 4-23). 

Concluding this series, in order to evaluate the effect of pipe length the analysis was 
repeated for a sixty (60) foot long TES unit using the 705° and 514“ F control temperatures 
of Case 1. In this case, the mass flow rate was doubled to compensate for the longer heat 
exchanger length. Here again, the results were not very much different from Case 1 
(Figures 4-24, 4-25, and 4-?^) and the bottom section (10 feet) was inactive. 

Evaluations of these results indicated that more effective and less expensive control 
systems would improve TES performance. It was decided that using a conventional regenera- 
tive fluid/fluid heat exchanger would give better control of the TES outlet temperature and 
also simplify heat exchanger construction. The results of a preliminary run made for this 
system with a heat exchanger effectiveness of 30% is presented in Figure 4-27. As shown, 
the design does lower the variation in outlet temperature. 'Ibis design can be improved 
further by including a bypass around the modulating heat exchanger (Figure 4-28). 

Summary; 

We concluded this preliminary evaluation of the tube/shell unit and proceeded to evalu- 
ate alternate concepts. "The preliminary analysis provided us with several major analytic and 
design conclusions. It showed (for a realistic duty cycle) that a significant amount of energy 
( ~30%) is available as sensible heat, decreasing our previous estimates of salt quantities 
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required. It also verified several analytioal techniques, particularly our method of calcu- 
lating tube spacing, and helped to develop analytioal techniques used In our design refinement 
efforts (see Section 5). E also revealed that the inclusion of a simple regenerative heat 
exchanger with bypasses would be an effective method of controlling TES fluid outlet condi- 
tions on tube /shell units. Some method of outlet temperature control is required in all 
static salt systems since the heat exchanger effectiveness decreases with time as the melt 
(or solidification) line progresses away from the tube surface. Since a major portion of the 
energy is stored as latent heat, the thermal resistance between the utility fluid (steam or 
water) and the melt line directly affects the heat transfer rate, 'ihe major advantage of the 
moving salt systems discussed later is that this thermal resistance can be minimiz ed. 
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Fig. 4-23 Salt Temperature Map - Case 2 
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Fig. 4-26 Salt Temperature Map - Case 3 
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Flow Rate per Pipe: 

Total Flow Rate: 

Wumber of OD Pipes: 

H/X Lenath: 

Total Length of Pipe: 

Pressure Drop: 

(ignorir\g entranoa effects) 

Salt Sections: 

Sait Typo: 

Salt Weight (Total); 
Salt Section Length: 
Pipe Spacing (centers); 
Section Diameter: 
Bypasses: 

Energy Stored/Used' * 

BTU/Tube 

Total: 

Latent: 

BTU, Total H/X 
Total: 

Latent: 


106 Ibm/hr, water side (storage) 
6.4 Ibm/hr, steam side (usage) 

2,21 7,000 Ibm/hr, water side 
134,162 Ibm/hr, steam side 

20,ai5 

60 feet 

1,264,900 Feet 

3223 psf water side 
323 psf steam side 

Salt #1 

4.6 NaCI • 95.4 NaN 03 

4,825310 Ibm 
20 ' 

4" 

46’ 

2 


66307/57335 

41,789/43,481 


(139) 10^/(130) 10^ 
( 37) 10®/( 31) 10® 


Control System Logic: 


c, 1 


514°F 
705° F 


‘Results are based on initial salt temperature of 1000°F and correspond to two days after start, 
equal to energy used imp>)ies that quasi^steady state has not bee. reached. 

234»0450 


Salt #2 

14.5 KC1 • 22.3 NaCl 
63.2MgC1p 

4313306lbm 

40' 

2.75" 

31' 

4 


Energy sto.ed not 


Fig. 4-26 Salient Physical Charactaristics, Analysis C^asa 3 
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Fig, 4-28 TES Control System 
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4.5.2 Heat Pipe Heat Exchanger Concept 

The heat pipe heat exchanger is superficially similar to ihe tube/shell heat exchanger 
except that the tubes extend into the manifold regions {which become tub^ .ik heat 
exchangers) and are individually sealed heat pipes. Heat pipes are relativ. iy high conduct- 
ance devices, but they still introduce some additional thermal resistance compared with the 
tube/shell. They have a number of advantages, however, which may offset this: 

• Vapor pressure of the working fluid in the heat pipes is generally lower than 
that of the steam or feedwater, permitting thinner tubing to be used. 

• The amount of working fluid in an individual heat pipe is small (less than 1/2 Ibm), 
minimizing the potential hazards of reactions with the PCM if a ^eak develops. 

• Burst diaphragms can be provided in end caps at both ends of each heat pipe, 
so that if a leak develops vdtr, either source or sink fluid, the heat pipe will 
simply become an open conduit between these lines, minimizing any chp.ace of 
bursting a pipe and reacting with the PCM. 

• Failed individual pipes must be recapii-'u to close the leakage path, bit cause 
very little loss in total storage capacity. 

One of the problems in designing a heat pipe/TES system is lack of suitable heat 
pipe working fluids for the 600-800° F temperature range. Nuclear plants op>erate b'low this 
temperature range, and are, therefore, better suited to this TES concept than a fossil fueled 
plant. For example, the Three Mile Island plant was considered with TES used to elimi- 
nate most of the steam extraction for the final feedwater heater durinn ^leak power periods. 

A schematic of the system is shown in E'igure 4-29. 

The TES un ' is sized to permit approximately 5% additional power generation for a 
six-hour usage pe: ■ i The storage part of the cycle takes IS hours. For the temperatures 

involved, the use i ! a single PCM, a sodium nitrate, sodium hydroxide eutectic (S4.5% NaNO , 

O 

15. 5% NaOH) with a melt temperature of 475° F was selected. Tne heat pipes must be 
capable of operat’ng over the full temperature range of 410° F to 565° F to cover extremes 
of the storage ana "sage cycles. For these temperatures, Dowlherm A, a 26.5% diphenyl, 
73.5% diphenyl oxide eutectic working fluid (also marketed under a variety of other trade- 
names) was selected for the heat pipes, based on compatibility with steels, relatively low 
vapor pressure (495° F boiling point), and an anticipated low level of reactivity with the phase 
change material. From a heat pipe performance point of view, the principle disadvantage 
of Dowtherm A is its relatively low liquid thermal conductivity 065 BTU/hr° F), which will 
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R9. 4-29 (teat Pipe Heat Exchanger/TES Cannister Schematic 
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require a good internal wick design to avoid excess' ve temperature drops. Water, with 
aK>roximately 4 tiroes the liquid thermal conductivity, might als'' used as a working fluid, 
but might require use of monel tubing rather than steel, has high vapor pressure at these 
temperatures, aitd would react with the PCM should a pipe burst. 

With the heat pipe/TES canister arrangement stown in Figure 4-29, heat pipes 
are oriented vertically, and heated at the bottom end (the evaporator) during heat storage. 
The length o' pipe located in the PCM canister acts as a comienser during heat storage, and 
condensate returns to the evaporator assisted by gravity. For usage, the feedwater heat 
exchanger is located at the >f the canister. This portion of the heat pipes now acts as a 
condenser, the PCM region acts as evaporator, and gravity again assists condensate return 
from condenser to evaporator. Volumetric expansion of the Pal '' (liquid density = 

120. 7 Ibm/fC^, solid density = 140 Ibm/ft^ on melting is accommodated by arranging the 
heat exchangers so that they correspond m effect to a counterflow arrangement, though 
separated by the PCM. In this way, the hottest heat pipe during storage is also the hottest 
during usage, and will be the first pipe to initiate melting during usage. Since the heat r .pe 
is virtually isothermal along its length, the melt layer should form continuousl3' along its 
length, providing a flow path for liquid to reach the void volume at the top of the canister. 

In addition, a melt layer should form adjacent to the metal plate separating the storage heat 
exchanger and the PCM. This should permit liquid PCM to flow from any partially melted 
pipe region (possibly as a result of mild longitudinal temperature gradients) to fully melted 
regions, minimizing pressure gradients in the PCM 

With this arrangement, tube spacing is based on propagation rates of the liquid solid 
interface in a manner similar to that used for the tube-shell heat exchanger, allowing for 
additional thermal resistance of the heat exchanger and heat pipe. An approximate equation 
for the melt radius, R, at any time, t for constant fluid temperature, T^, is then: 

j3[fn^+ 14] - + K2t (4-2) 


where. 
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In the expression for K^, ^ refer respectively to the lengths of heat pipe in 

tile PCM and the active heat exchanger; U, is the overall coefficient of heat transfer in the 

active heat exchanger (including the heat pipe fiim coefficient in the heat exchanger region), 

and hgp is tile heat pipe film coefficient for the lengtii of pipe in tiie PK3M region. Tube 

spacing is calculated for the usage mode in this example since the PCM melt temperature 

(T = 475° F) is closer to Child temperature during usage than during storage, and since 
m 

usage heat flux is 3 times that of storage. For this case, the water side film coefficient is 

2o 

estimated to be 300 BTU/hr ft F). Ihe heat pipe fonctions as t>. condenser (n the heat ex- 
changer, with condensing fiim coefficient, for Dowtherm A working fluid, estimated to be 
2000 BTU/hr ft °F. This is based on a gravity-assisted wick design developed at Grumman, 
using data (Hitained with Freon- 12 working fluid, adjusted for the difference in liquid con- 
ductivity. The overall coefficient of heat transfer is then 


U = 


= 261 BTUAt ft^F 


(4-3) 


‘=2° 


cond 


The PCM regicm of the heat pipes acts a« an evaporator, with estimated at 600 BTU/ 

hr ft^F, extrapolated from Freom-12 data for a gravitj’ assisted wick. 


Wall thickness, t , 
w 


based on buckling omsi derations is aiqiroximately given by; 


V . r (S. F. ) (AP) ' 
L 2 . 2 E J 


(4-4) 


For a safety factor, SF = 3, a maximum pressuri. of 1080 pisi (neglecting internal pipe 
pressure), and a modulus of elasticity, E 29 x 10 for steel. 



3 X 1080 
. 2.2 X 29 X 10® 


1/3 


0.037 


or t = . 037" for a 1" diameter tube, 
w 

Wltii this value of t d,- = 0- 926" for a 1" tube and, 

W< “1 




4 k 


K, = tt 
1 aU 


^ H/X hj^p d- 
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^.2 x .Q. 3 7 7 JL3771 


1 = -.274 


The fluid temperature, Tj, during usage varies from 410® F to 457. 1* F, giving a mean 


temperature difference (with = 475® F) of: 


(T - T, . ) - (T - T, ) 

' m fmin' m fmax 

, /T -T ""X ^ 

in/ m Mnm \ 

Vm " ^fmax)/ 


from wtiich, for a six-hour usage period. 


T - T k ^ 
m s s 


^«fs 


.V ^ 4 X 36.5 y .377 


= 17.76 


Then, 


^[in^ - 0.274] = 17.49 


from which 9.06, R/a = 3.01, since a = 1/2", R = l,50", and the pripe centers should 
be put on 3" spacing. Energy storage associated with the phase change process is = 
76.5 BTU/lbm. 

In addition, there is some sensible heat storage. 


AE„t^., = c (T - T ) = c , (T, - T ) 
SEh ps ' m s' pi ' 1 m' 


where = average temperature of the solid PCM at the end of usage 

=> average temperature of the liquid PCM at the end of storage. 

With the approximation : 


^f usage 475 + 438. 5 


= 456. 3" F 
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= S "^{storage ‘^75 > 533.9 

1 2 2 


BTU 


AEgj^ = 0.45(475 - 456.8) +.45(504.5 - 475) ° 21.5 


Then, 


AE* = 76.5 + 21.5 ° 98 BTU/lbm 
total 


Energy stored per foot of pipe is then. 


E' = TraO-1) = 602.8 BTU/ft of pipe 


and for = 3®': 


E = 21,700 BTU/pipe 


The pipes are assumed to be arranged in a hexagonal array as shown in Figure 4-30. 
We require an amount of active PCM p>er foot of pipe given b3r: 

M' = P iia^ (^-1) =• 140n (^^(9.06 - 1) 
s 


or. 


M' = 6.151 Ibm PCM/ft of pipe 


Each hexagon must contain sufficient mass for 3 heat pipes, with sufficient area to 

3 

accommodate the liquid i^iase, = 120. 7 Ibm/ft , hence: 


3M' 


= P| (-|-V'r‘s^- 3n a^ 


or 


[i(5r 


+ ffa 


1/2 _ 


= 3.06 inches 


The cross-sectional area ar^ociated with each pipe is then, 


\/3 9 

= 8* 124 square inches 
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4-31 Gravity Assisted Wick Cross-Secticm-Schematic 
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If we use canisters with di-meii-r o ^ = 12', the number of pipes per canister is: 


S = ^ = 2004 

^p (8.12V144) 


and the heat storage per canister Is: 


Q = N E = 43.5 X 10 BTU/canister 
c p 


For a total storage requirement of: 


= 1.965 X 10 BTU 


the number of canisters required is: 

n^ = Q-p/Qg = 45.2 — »• 46 canisters 

The mass of PCM required is: 

M = N T-t- dc^ - N r a^l i p 
pern c[4 p J*PCM / 

= 20.42 X 10® Ibm 


(4-6) 


The heat pipes, as stated earlier, use Dowtherm A working Quid and a gravity 
assisted wuck design. The wick design used in these calculations (Reference 22) is shown 
schematically in Figure 4-31. The maximum heat flux, each pipe must carry 

occurs during the usage cycle, with 


max 


— =11^ = 3617 BTU/hr 
t 0 

usage 


(4-7) 


For this heat flux, two ai^ries are required, each about .051" in diameter. The wall 
wick consists of fine circumferential grooves, 96/inch of length, approximately 6 mUs deep 
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asd 4 mils wide. The arteries are forced against the wall by a spring type spacer. It should 
be noted that these arteries are somewhat different from those used in heat pipes designed 
for space applications. The arteries are open at the ends and do not require capillary 
integrity. For this reason, they should be relatively inexpensive to fabricate. Machining 
the fine circumferential grooves will be a major item in fabrication cost of the heat pipes. 

K may be possible, however, to reduce the number of grooves required, particularly in the 
t*CM region which has the greatest length and lowest heat flux. This is left for a more 
detailed design phase. 

The use of heat exchangers at both top and bottom ends at the heat pipes presents an 
additional problem in heat pipe design, since the bottom heat exchanger will tend to trap 
inactive working fluid when the top heat exchanger is working. Fortunately for this case, 
the bottom heat exchanger can be made with a very short vertical height. The steam side 
will have a condensing fflm coefficient: 


for which: 


where. 


h = 0.943 








2 77a 


ax storage 

W’' 


4/3 


1/3 




i^max storage j 

r d 1 

\o. 943 X 277a / 



*^ax storage - = 1206 BTU/hr 

lo 


(4-8) 


(4-9) 


then, 


1206 

4/3 

r 0.250 1 

0.943(277/24) 


[418x10^x47.6(47.6 - 1.9) (.336)^(639.1). 


1/3 


= 1.824 ft F 


For I = 1/2 ft, AT = 3. 65° F 

The Inside of the pipe at the bottom will be functioning as an eva. .ator, with 

h„, = 6000 BTUAr ft^°F. Then, 

EV 


Q 


•EV nd.l 


1206 


I^HA^EV (.5)600 


= 8.3 F 
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The total at the bottom during storage will then be: 

This is acceptable cooBiderlog the overall temperature difference between the condensing 
steam axui the phase change temperature: 


T - T 
cond PCM 


525 - 475 =■ 50" F 


Despite the short length required for the bottom heat exchanger, the heat pipe must be 
designed to minimize the extent of flooding of the evaporator surfaces during the storage 
period, since this will act to increase the evaporator AT. This problem can be minimized 
by using a plug to reduce vapor space volume at the bottom of the pipe, thereby reducing 
the excess liquid available for flooding. Also, since floodii^ will result in pool boiling in 
the evaporator, with associated liquid expulsion, it should be possible to design a liquid 
trap which would collect any liquid entrapped in the vapor. The liquid trap would be designed 
to return liquid at a very slow rate to the evaporator. In this way the trap would run par- 
tially full during the heat storage period, and emqity during the heat usage period. 
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4.5.3 Macroancapsulated PCM Concept 

In this concept, relatively large quantities of PCM are encapsulated with thin Layers 
of containment material (steel) which would deform to accommodate volumetric changes 
associated with change of phase. Relatively small quantities of containment material would 
be required, since the thickness would have to be small to minimize bending stress. One 
such configuration, consisting of long "plank" shaped blocks of PCM, is shown in Figure 
4-32 (A). The plank cross-section would be essentially rectangular when the PCM is at 
maximum density in the solid state. The edges would be relatively stiff, and tc^) and 
bottom surfaces would bulge outward as indicated to accommodate volumetric expansion 
associated with melting. The planks would be stacked in a pressure vessel, as shown in 
Figure 4-32 (B), with gap regions provided for fluid flow. The gap height would be 
adjusted by design of the plank edge shape to be as small as possible consistent with 
allowable flow pressure drops and required film coefficient for heat transfer. High overall 
packing density is desirable to minimize pressure vessel size and cost. 


For the configuration shown, the liquid pressure, 


on melting is: 


- 30E \~4 

where E = modulus of elasticity of the containment material, 
occurs at the edge, where (per unit length of plank): 

2 

P/ b^ 

M 


12 


(4-10) 


The maximum bending moment 


with associated bending stress. 


0 


b^ 

2 t2 


Substituting for P^ 





■ 1 ) 


from which it is apparent that stress varies directly with thickness of the containment 
material. 
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As an example, consider a PCM with high volumetric density change, such as the 
KCl • NaCl • MgCl 2 eutectic used for the high temperature salt in the Fort Martin feedwater 
heating application. Using stainless steel for tiie encapsulating material, with b = 24", 
a = 3", and t = .012" 

<3) (.012) / 140 \ 

a = 15 X 30 X 10 ;; 1 1 = 10, 500 psi 

(24)2 yio2 J 


which is below allowable design stress levels for many stainless steels. Note that the 
thickness of . 012" is arbitrary. The planks of PCM need be handled at ambient temperature 
only during initial installation, with the PCM in a solid state. 


The mass of stainless steel required for enc^suLation per pound of PCM, for the 
dimensions used above, is: 


m 


ss 


m 

pcm 


ss 


s, pcm 


2 (a + b) t 


ab 


= 0.031 


This is small enough to indicate that costs of macroencapsulation should be modest. 


The time, r, required to freeze the PCM, based on a one-dimensional heat transfer 
calculation using only the flat top and bottom surfaces of the PCM blanks for heat transfer, 
is given by; 


r 





Where T^ is the mean fluid temperature and h is the film coefficient for heat transfer to 
the external PCM surface. For a given t , this equation may be rearranged to solve for 
the film coefficient required: 


h = 


2 


a 

(Tm - Tj) T 



( 4 - 11 ) 


For the Fort Martin feedwater, heating case, using the high temperature PCM with a 
a = 3", and considering the usage mode: | 

3/12 


h = 


(725 - 491. 2)(6^ 


140 X 197 


(3/12)2 
8 (.90) 


= 2.97 BTUArft F 
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Flow rates and gap height between planks of the PCM would have to be sized to provide at 
least this value of film coefficient, but this should be easily accomplished. 

The principal disadvantage of this concept is cost of the required pressure vessels. 

An intermediate low pressure clrcmlating gas loop might be considered to eliminate the 
pressure vessels, but cosi. -Tthe heat exchangers for such a loop would probably be 
comparable to the cost of the equivalent boiler capacity being replaced. A better approach, 
primarily suited to very large TES applications, might be to locate the macroencapsulated 
PCM in deep underground cavities, taking advantage of Uthostatio pressure to substantially 
reduce pressure vessel costs. 

4. 5. 4 Intermediate Pun^aed Loop 

The use of a low pressure intermediate liquid metal circulating loop is an attractive 
variation of the baseline tube/ shell PCM concept. The low pressure would permit 
significant reductions in wall thickness for the tubes and shell domes. This would be 
ofi-set to some extent by the cost of heat exchangers, pumps, and piping for the liquid 
metal loop. Heat exchanger bypass lines could be provided in the loop with bypass flow 
varied to compensate for the variable thermal resistance within the PCM associated with 
movement of the liquid solid interface. This bypass control should result in more uniform 
steam and water outlet temperatures. 

4 

Film coefficients fo" circulating liquid metal are very high (of the order of 10 
BTUAr ft“°F) compared to steam and water flow (50 to 10 BTU/hr ft“'^F) and these, in 
turn, are high compared to the equivalent thermal conductance, k/(a*ln (r/a)), for the 

2o 

PCM (3-20 BTU/hr ft F). The heat transfer areas required for the heat exchangers can 
therefore be correspondingly smaller than that of the tube surface area provided in the 
PCM, providing only that temperature drops on the steam and/or water sides are 
acceptable. 

4, 5, 5 Fluidized Encapsulated PCM 

Microencapsulating the PCM, using particle sizes comparable to that of pulverized 
coal (e.g. , 50-100 ii ) is attractive because it eliminates the need for heat exchangers, 
though this may be off-set by encapsulation cost. The concept is illustrated in Figure 4-33, 
using a one-bin empty system. For heat storage, cold encapsulated PCM is drawn from 
a filled bin, entrained by carrier steam, and deposited hot in the next (empty) bin. One 
bin is depleted as the other fills. When full, valves are adjusted to repeat the process 
of taking PCM from another cold bin arai putting it into the previously emptied bin. Bins 
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Fig. IT' Fluidized Microencapsulated PCM Concept 



would bo large enough to permit particle settling, with the carrier iluid drawn off at the 
top. For heat removal, the carrier fluid would be liquid water in the feedwater heating 
case, or liquid evolving to steam in the auxiliary power cycle case. As with the other 
PCM concepts, several PCM's with different melt temperatures might be used, using 
separate sets of bins for each PCM, each based on a one-bin-empty concept. The 
microencapsulated PCM system would differ from a pulverized coal system in having to take 
full cycle pressure. Provision for bin-to-bin venting would be required to minimize pressure 
variations during PCM transfer. Also, it would be desirable to have 


m 


»2Q 


+ AH , 
fs sensible 


(Ah) 




(4-12) 


so that aU the heat transfer for each I*CM could be accomplished with a single entrainment. 
The sensible energy storage would be greater for microencapsulated PCM than for other 
concepts, since the PCM would quickly approach the carrier fluid temperature, with 
n^ligible exit temperature differences. This permits use of smaller quantities of PCM. 

Taking the Ft. Martin feedwater heating case as an example (See Fig, 4-17), using the 
same carrier Quid temperatures and PCM*s for both storage and usage as for the 
tube/shell case, the hi^ temperature salt (KCl, NaCl, MgCl^) (see Fig. 4-8) would store 
heat at 800°F, ami cool to 514. 4°F after giving up its heat. The heat stored would then be: 


(T. -T )+AH, +c (T -T ,,) 
T p ' hot m fs p ' m cold' 


(4-13) 


£ "s 

= 0.248 (800-725) + 197 + .23 (725-514.4) 


or. = 264 BTU/lbm 

This compares to 230 BTU/lbra for the same PCM used in the shell and tube heat 
exchanger. The additional 34 BTU/lbm would reduce the amount of PCM required by 
12.9%. For the low temperature PCM (NaCl * NaNO^, see Fig 4-8). 

AH.J, = 0.43 (705-567) + 84 + .44 (567-487) = 178.5 BTU/lbm compared with 135.3 
BTU/^bm estimated for the shell tube case. The additional 43. 2 BTU/lbm would permit 

\ a reduction of 24% in the amount of PCM required. No allowance has been taken in these 
numbers for the sensible heat stored in the encapsulating material. While all systems will 
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have oontaioment material with associated sensible heat storage, the mass of such material 
may be somewhat larger for microencapsulatioo than it uould be for other ooooepts. 


The ratios of carrier fluid mass flow rote to PCM mass flow rate for this ftyampla 
during storage would be 1.46 and 0.49 for the high axsl low temperature PCM's, 
respectively. The low mass ratio for the low temperature PCM could present a design 
problem (e. g. . high pressure dn^s or two entrainments). During usage, the corresponding 
carrier fluid flow rate ratios would be 24 and 8. 1, which should be adequate. It should be 
noted that these mass flow ratios would be constant during the storage and usage processes. 
This may be a significant advantage for the microencapsulalion technique vhen compared to 
heat-exchanger conceits which require bypass lines and outlet temperature controls. 


For the encapsulation process, the PCM may be considered as oiclosed in a 
^dierical shell, with internal diameter large enou^ to accommodate the PCM at its 
lowest density state (i.e. , highest temperature liquid state). Some void volume would 
exist at all other ^ates. The shell would then have to be thick enou^ to resist buckling 
in the high pressure carrier fluid environment, with thickness given by: 


± ~ / 5 J[S. F ^ )P 

r V E 


(4-14) 


where P is carrier fluid pressure, S. F. is Safety Factor, E is shell material modules of 
elasticity, and r is shell radius (shell assumed thin). For the Ft. Martia conditioas 
assiuning encapsulation with nickel, and using a safety factor of 3, 

x 3 x 4323\ 

— I =.0473 

29 X 10® / 

For r = 50<i, t = 2.36^. If such capsules could be made, the mass, M^ of the 
encapsulating material required would be given by: 



Pe ^ 

^CM ^1. PCM ^ 

For nickel (sp. g. = 8.9) and NaCl • NaNO^ (sg. gr. = 1.88), 




8.9 

X 3 X .0473 = 0.671 

1.88 


(4-15) 
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The mass of nickel In this case would be 67% of that of the PCM, and bulk encapsulating 
material costs would be significantly greater than the PCM coats. Low cost encapsulating 
materials (perhaps non-metallics) as well as low cost encapsulating process would appear 
necessary for this concept to be viable. 

Fluidizing and entraining the particles is not anticipated as a problem. For turbulent 
duct flow, with a friction factoi' of 0.005, carrier fluid velocities for the lowest and highest 

3 

density fluids (1000°F, 3500 psia steam at 4.86 Ibm/ft , and 423°F, 4323 psLa liquid at 

3 

52.6 Ibm/ft ) of 20 and 5 ft/sec, respectively, would appear adequate to entrain 100 p. sized 
particles in a vertical duct. The corresponding terminal sink velocity of such particles 
would be approximately 1 and 0.25 ft/sec for low and high density carrier fluids, and 
adequate residue time would have to be provided in the bins to permit the particles to settle. 


The time required for heat transfer should be at least as small as the particle transport 
time. Most of this time will be associated with the pihase change process. An ai>proximate 
solution for the freezing process, allowing for the tempierature rise of the carrier fluid 
as freezing proceeds, is: 




— \ In (1 + — ) 


(4-16) 


where, 

= 




and. 


f(05) 



p 

1 In . yr 

TJ . -1 

— - tan 

^ ( <;’ + 1)^ 

. ® (V’ . 


(4-17) 


For the Fort Martin case the freezing times for the high and low tempierature PCM's would 
be 0.35 and 0.27 seconds, respectively. With a cai'rier fluid velocity of 5 ft/sec, heat 
transfer v;ould occur over distances less than two feet, which is well under the flow lengths 
required for bin-to-bin mass transfer. Hence, no additional residence time would be 
required for the heat transfer process. 
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From a safety point of view, microencapsulation presents two problems, failure of 
encapsulating shells and failure of the pressurized bins. Encapsulating shell failure 
would release small quantities of PCM which could react with carrier fluid, with some 
particle agglomeration probable. Use of relatively course mesh sc ‘eens or periodic bin 
cleaning might be required. Bin structural failure, as with any pressure vessel, is a 
serious problem, but only the void volume in the bin would contain high pressure fluid 
capable of contributing work of expansion. Also, the encapsulated particles should present 
somewhat less hazard than the bulk PCM. 

Major drawbacks of the microencapsulated system are unknowns associated with 
materials and processes for encapsulation. If encapsulated PCM could be provided at 
moderate cost ( ~ $l/lbm), the system would be more attractive but would still result in add- 
ed cost for pressure vessel and high pressure valves- Development of hardware and flow 
relations associated with handling microencapsulated PCM are not trivial problems, but 
appear soluabie with straight forward engineering effort. This would only be warranted, 
however, if the encapsulation problems were solved, 

4. 5. 6 Moving PCM Concept 

The moving PCM concept attempts to minimize required heat transfer surface area 
by eliminating most of the thermal resistance within the PCM. The liquid-solid in- 
terface is always kept close to tiie heat transfer surface. Ibis concept is illustrated 
schematically in Figure 4-34. During usage, liquid PCM flow through slit nozzles 
on to rotating drums. The heat sink fluid flows through the drums, cooling the surfaces 
and freezing the PCM. The solid PCM is scraped off after making a partial rotation, 
falling into a storage bin. For heat storage, the source fluid is fed through heat exchangers 
located at the bottom of the bin which has a pitched floor arranged so that the PCM drains 
off as it melts. The liquid PCIil is pumped into an insulated storage tank until needed for the 
usage part of the cycle. 

Many heat exchanger manufacturers were contacted during this study to obtain 
information on rotating drum heat exchangers and available hardware. This effort was 
largely unsuccessful. Most manufacturers felt that special equipment whould have to be 
developed for this application. Accordingly, what follows Is a dismission of heat exchanger 
characteristics essentially developed from basic principles. 

For the druni freezing process the PCM thickness, , which can be frozen during 
rotation through an angle 6 (less than 2 tt ), at a rotational speed, , neglecting sensible 
energy contributions and assuming one-dimensional heat transfer, may be approximated 
by the relation; 
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Fig. 4-34 Moving PCM Concept - Schematic 
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(4-18) 


where. 


aiui. 


k 

/ ® 

6 = — 

Vl - 1 

U 

» SI 

U «i 

2U^ (T^ - Tf) 6 

■ k 

s 

^s ^«fs 

1 

t 

II 

+ 

w 

k 

w 


with, 

h = sink fluid film coefficient 

t = drum wall thickness 

w 

k^ = drum wall thermal conductivity 
Tj = mean sink fluid temperature 

The rate at which PCM can be frozen by an imiividual dnun of length, L, and radius, 
R, is then: 


m = P LRJia 
s 


or. 


m -P LR — fl 
s U 




1 .^ -1 


from which it can be seen that the mass freezing rate, m, increases monotonically with 
, asymptotically approaching an upper limit: 


m 




= p LR 
00 3 



L R U (T - Tj)& 


(4-19) 


High values of U and d are clearly deslreable. Some drum manufacturers have expressed 
doubts that the solidified PCM will adhere to a stainless steel surface. In the calculations 
Nvdiich follow, 9 has been taken as 3 /2, assuming liquid to be supplied to the drum 

somewhat before top center, and removed somewhat after bottom center. Special tech- 
niques to assure adhesion may be required to accomplish this. 
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To obtain hi^ values of U, we need high values of h axid a relatively thin wall, t^. 
This can be accomplished by putting the sink fluid through multiple passages adjacent 
to the drum surface, using many stiffening ribs, as shown in Figure 4-35. The drum 
surface will tend to bulge outward between the ribs due to hi^ sink fluid pressure. The 
deflection, 0 ^ . for given rib spacing, wall tliickness and sink fluid pressure is 


P£ 


dw 


32 E t' 


w 


(4-20) 


For specified values of t^> fids egression can be rearranged to compute the rib 

spacing, J . 

To provide some information on the size and performance of ♦he rollers and bin 
bottom heat exchangers for this concept, limited calculations were performed applying 
this concept to the high temperature salt used in the Ft. Martin feedwater heating case. 
Some representative numbers, taken from the tube-shell study, are given below for the 
salt and the source and sink fluids: 

(1) Salt: KCl • NaCl • MgCl 2 eutectic 

T = 725“F 
m 

AH, = 197 BTU/lbm 

IS 

fi3 = 140 Ibm/ft^ 

k = 0.90 BTU/hr ft “F 
s 

M,j, = 1.68 X 10^ Ibm 

(2) Heat Sink Fluid: Feedwater, 

T. = 487°F 

m 

T , - 514. 4°F 

out 

p = 4323 psia 

riij = 2.217x10 Ibm/br 

Six-hour usage period 
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(3) Heat Source riuid; Steam 


T. = 1000“F 

in 

T . = 800°F 

out 

P = 4200 psia 

nij = 134, 162 Ibm/hr 

Eighteen hour storage period 

For this case, a roller design was developed, not optimized, as follows (see Figure 

4-35. 

No. of rollers 20 

Roller Radius, R = 6" 

Roller Length, L - 12' 

Wall thickness, t =0. 120" 

w 

Rib thickness, t^ = 0. 235" 

No. of ribs = 36 

Rib Span, 0.812" 

Passage height, S = 0.24" 

With feedwater flowing through the rollers in parallel, the flow velocity would be 

2 

nearly 13 ft/sec, providing a film coefficient, h = 5460 BTU/hr ft °F, with a pressure drop 

irt 

of about 5 psia. The overall coefficient of heat transfer is about 570 BTUAr ft F. If the 
rollers rotate at 30 RPM, and the PCM adheres over 3/4 of the circumference ( 9 = ~~ 2 ^’ 
it should be possible to freeze a layer of PCM with thickness 0 = 0.021". The amount of PCM 
solidified is then approximately 1200 Ibm/hr/ft of roller length, and the rollers would have 
to be 11. 6 ft. long to solidify all the PCM in the 6 hour period. Bulging of the roller 
surface, C should be only a little more than . 001" due to the high pressure of the 
feedwater, and should not present a problem in stripping off the solidified PCM. 



Fig. 4-35 Drum Heat Exchanger Schematic 
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For the bottom heat exchanger used to melt the PCM, a passage geometry similar to 
that used on the roller was assumed. Since the steam is under high pressure similar to that 
of the feedwater, at a steam velocity of 20 ft/sec, the steam side film coefficient would be 

A 

approximately 465 BTU/hr ft F. At this team velocity, approximately 265 channels, 
corresponding to a width exceeding 23 ft wadd be required to handle the total steam flow. 

The log mean temperature difference for storing the heat is about 154“ F, and the heat trans- 

7 

fer rate needed is about 7,33 x 10 BTU/hr, hence the heat transfer surface area required 
2 

is about 1640 ft . Given the width of 23 ft, the length would have to be about 71 ft. The 
steam pressure drop associated with this length would be about 10 psi, which should be 
acc^table. 

Bin dimensions must be established to fit this heat exchanger into the bin. The 

3 

mass of PCM requires a volume of 12,000 ft . Allowing some void volume, this could be 
provided by a 24 ft. cube. The bottom heat exchanger could then be made up of 48 panels, 
each 1. 5 ft. wide by 24 ft. long, arranged in accordion fashion as indicated in Figure 4-34. 
Panels would be divided into 3 sets of 16 each. Steam would flow in parallel through the 16 
panels of each set, and in series through the 3 sets. The panels would have a slight longi- 
tudinal pitch so that liquid would be drawn off by gravity as it formed. The solid would be 
forced against the panel surfaces by gravity. 

This rotating drum concept has several advantages over the other concepts discussed, 
as it minimizes the high pressure heat exchanger surface area, while permitting a low pres- 
sure PCM storage vessel. The principal disadvantage is mechanical design of the rotating 
drum, which requires rotating seals for the high pressure sink fluid. The seals could be 
pressurized with the same inert gas used to provide blanket pressure over the PCM, but 
some of this gas would then enter the sink fluid and have to be removed by the condenser air 
removal system. Alternatively, a seal scavenging system might be used to remove any 
water or steam leakage before It could contaminate the PCM. In addition, there are several 
other moving heat exchanger concepts which eliminate the seal problem but introduce other 
mechanical design problems. If rotating heat exchangers were available, the moving PCM 
concepts would be very attractive, and might well be the lowest cost approach for utilizing 
latent beat T£S. 
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4.6 FINAL PCM SELECTION FOR PLANT/CYCLE LOCATIONS 

Initially, the quantity of salt required was calculated based on the latent heat stored. 
However, it was shown that the sensible heat contribution would be significant (~30%). 
Hence, a more refined procedure was required in order to select the final quantity of salt 
required. To select a salt for a given application, it is necessary to know the temperatures 
at which energy is available or must be delivered. Salts must be chosen which allow suffi- 
cient temperature difference (AT) between the fluid flow temperature and the salt melt 
temperature for both the storage and usage parts of the cycle. As an illustration of our 
final salt selection process, consider the Ft. Martin feedwater heating and auxiliary power 
generation cases; 

Figure 4-36 shows the flow stream temperature as a function of percent of total energy 
for these cases. Also shown are selected salts. These salts were chosen from the list of 
recommended salts in Fig. 4-8 on the basis of melting points, allowing sufficient tempera- 
ture differences between the melt point and the flow temperature to affect heat transfer. 
Where more than one salt could have been chosen, the cheaper salt, on an energy stored/ 
cost basis, was chosen. From the salt melt temperature the total percentage of energy 
which can be stored in each salt can be found directly. As shown, 33% of the total energy 
will be stored in the high temperature salt and 67% in the low temperature salt for the feed- 
water heating case. 

For the shell and tube designs energy will be stored as both sensible and latent heai. 

In order to estimate the total mass of salt needed, the contributions of each type must be 
taken into account. In order to do this an estimate of the salt temperature profile at the 
end of the usage period and at the end of the storage period was made. The general pro- 
cedure used was as follows; 

• From inlet and outlet temperatures and enthalpies, salts were selected 
and a percentage of the total energy stored was assigned to each salt (as 
shown in Figure 4-36). 

• The "average" salt temperature was determined assuming that the salt 
average temperature profile follows the fluid stream temperature profile 
and that the difference between them is equal to the difference between the 
salt melt point and the fluid temperature closest to the salt melt point. 

• The total available latent and sensible storage oapaclties for each salt was then 
calculated. 

• The weights of each salt were determined. 
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As stated, it was assumed that average salt temperature would follow fluid tempera- 
ture. Therefore, the difference between salt temperature at the maximum radius (tube 
spacing/2) and the fluid stream was a constant, being equal to the minimum fluid tempera- 
ture in the module minus the salt melt temperature. From the average salt temperature 
the total available energy per unit mass of salt was calculated as follows; 

Q 1 (T -T) + c (To-T ) (4-21) 

^available fs p,s' m s p, £ £ m' ' ’ 

where 

= salt molt temperature 
= average solid salt temperature 

= average liquid salt temperature 

0 solid and liquid salt specific heats 

P.8 P..Z ^ ^ 

AH, = Salt Latent Heat of Fusion 
fs 

For example, during the storage period of the Ft. Martin feedwater heating case, the 
salt will extract heat from superheated steam, cooling it from 1000° F to 705° F. The high 
temperature salt will extract 33% bf this energy bringing the steam down to a temperature 
of 800°F. At the exit of this module, therefore, assuming that the salt at the mid-point be- 
tween the tubes is at the melting temperatui'e (725° F), a maximum temperature difference 
of 75°F is developed. Hence, baaed on our earlier assumption, a constant temperature 
difference of 75°F is assumed between t'le fluid steam and salt at this radial position through- 
out the module. Therefore, the salt temperature at the module inlet will be 925°F (100C-75°F). 

The "average” salt temperature was then set equal to the average steam temperature 
(900° F) minus 1/2 of the difference between the steam and salt outer radius temperatures 
(75° F); i.e. , average salt temperature is 

T^ait = = 862. 5*F 

Hence, for a specific heat of .24 BTU/lbm°F, a sensible contribution of 33 BTU/lbm was 
calculated, Appendix E presents a complete description of these design calculations for the 
Ft. Martin and Roseton cases. Fig, 4-37 summarizes the total salts required for each of 
these plants as determined by this procedure. 

As shown in the following section, the other plants under consideration were eliminated 
for other reasons. Therefore, we did not perform similar detailed calculations for them. 
However, as part of our screening process we did select salts and perform an economic 
evaluation for each of the remaining plant/concepts. 
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Syrtam 

Stared 
X 10* BTU 

Type 

Amourrt 
10® LB 

Energy (%) 

Fort Martin 

1.319 

KCI • Nad • MgO, 
(14.6/22.3/63.2) 

1.68 

33 

(Feedwater Htg) 


NaG« NaN 03 
(4,6/96.4) 

6.32 

67 

Fort Martin 

1.791 

CaOj • KCI • Nad 
(64.5/6-5/29) 

1.53 

16 

(Aux FW System) 


KCI • Nad • Mgd 2 
(14.5/22.3/632) 

2.35 

32 



NaCI • NaNOg 
(4.6/95.4) 

5.04 

52 

Roseton 
(Feedwater Htg) 

1.462 

NaCleNaN 03 

(4,6/95.4) 

6.82 

100 

Roseton 

1.8® 

NaCI e BaClj • MgCl 2 





(28.4/31.8/39.8) 

1.53 

16 

(Aux Pwr Sys) 


NaN 03 

8.00 

84 


2349-0550 


Fig. 4-37 Salt Amounts for Tube and Shell TES Units 
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4. 7 PERFORilANCE/COST SCREENING OF CONCEPTS 
4.7.1 Recommended Plant and Cycle Locations 

Initially we considered using only the sensible heat of the steam for charging the TES 
units, but flow rates to the TES units could be reduced considerably if latent as well as 
sensible heat was utilized. The method of condensing charging steam changed the appearance 
of the various concepts in that ^uid leaving the TES after charging was liquid, not vapor, and 
this made it necessary to find a method to dispose of this high pressure liquid source. It 
was then decided to utilize a pressure control valve to reduce the flow stream pressure. The 
fluid became two-phase after the valve and a flash tank was utilized to separate vapor and 
liquid. From there this vapor and liquid were directed to a high pressure feedwater heater. 

A schematic representation of this process appears in Figure 4-38. 

Next, the ten candidate cases were re-examined in more detail in order to determine 
if there were any remaining technical or economic problems to be overcome. Heat exchanger 
temperature/energy profiles were drawn (Figures 4-39) for the ten cases and various prcd>- 
lems appeared. For example Cast A4 (Case designations are derived from Power Hant/TES 
Ix>cation Matrix in Figure 3-3) had only a 50°F temperature difference on one side of the 
heat exchanger. Also, information from turbine vendors revealed that the application of 
super-heat to low pressure turbines could not be tolerated for extended periods of time 
because of choking of the lowest pressure stages. This also applied to Case B4. The heat 
exchanger curve for Case C2 revealed that the pressure chosen for condensing hot reheat 
steam was too low. Condensing at this pressure resulted in a low condensing temperature. 
This caused a temperature crossover in the beat exchanger curve where the fluid to be 
heated during peaking would actually lose beat. The same problem existed in several other 
cases. To eliminate this problem it was decided that the highest pressure steam available 
should be used to charge the TES units. Condensing of this fluid, which occurs in the TES 
unit, wais to take place at the highest possible pressure with its corresponding high satura- 
tion temperature. Since Cases A4, B2, B4 and B6 had no higher pressure steam supplies 
and due to the various problems inherently associated with nuclear plants, such as shielding 
of the TES units, licensing difficulties, and choking of the last stage turbine group, these 
cases were omitted from further consideration. Also Cases D2 and D8 were eliminaied from 
further consideration when ii was discovered that Ft. St. Vrain, a unique installation, was 
not elevating at the time because of reactor plant modifications. This left four cases to be 
analyzed in further detail, namely Ft. Martin and Roseton Single Loop Regenerative Heating 
Augmentation and Single Loop Separate Power Conversion Lotq) cases. 
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Fig. A-SS Sctematic of TES Sysem Utilizing Stsam Latent Hast 
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The use of throttle stoain to provide energy to the TES units made it possible to raise 
the condensing temperature. This in turn increased minimum tempex'ature differences in 
the TES units. New flow rates were then calculated (Figxire 4-40) and new heat exchanger 
diagrams were drawn (Figure 4-41) corresponding to the new steam and liquid conditions. 

This increased the minimum temperature difference (in any of the four remaining cases) to 
144 °F, which was acceptable. 

At this time a heat balance computer analysis was made for both Cases C2 and C8. * 

That is, all heat and mass components were balanced under the prescribed operation condi- 
tions. This was done to determine the off -design performance of the power plant with and 
without the inclusion of TES. 

tt became apparent in Case C2 (the Single Loop Regenerative Heating Case) that with 
three feedwater heaters removed from service more than the 5% additional peaking was pro- 
duced. Also, the low pressure turbine stage group was experiencing choked flow. Sub- 
sequent computer analyses revealed that to produce only the additional 5% peaking, only 60% 
of the flow to the highest temperature heater needed to be bypassed to TES during peaking. 
Using this criterion, heat balances were done in both peaking and storage modes. The Single 
Loop Separate Power Conversion Loop for Ft. Martin (Case C8) was within acceptable limiih 
in the original computer runs and flow rates to the TES units during peaking and storage were 
not altered. The new flow rates for Case C2 are included in Figure 4-42. The heat balances 
for the Ft. Martin base plant and for both feedwater heating and separate cycle TES modes 
are included in Figures 4-43 through 4-47. A summary of the net plant heat rates (NPHR) 
for Ft. Martin is presented in Figure 4-48. 

As shown in Figure 4-48, it is obvious that there would be a penalty for operating a 

base plant with TES as a peaking unit in comparison with steady 100% operation of the base 

plant. The increase in daily average heat rates for cases C2 and C8 can be translated into 

additional fuel consumption. Based on a heating value of 12,075 BTU/lb for West Virginia 

coal. Case C2 would consume an additional 9, 107 tons of coal per year and Case C8 would con- 

0 

some an additional 16, 134 tons of coal. Using a cost of $1,25 per 10 BTUs for this coal the 
additional fuel consumption translated into an additional expense of $275, 140 and $487,450 
respectively. K the plant without TES were to be operated as a peaking plant the daily aver- 
age heat rate would have been calculated for the plant operating at 77.4% output for 18 hours 
and at 100?r output for 6 hours. This would produce the same daily generation as Cases C2 
and C8, The corresponding net plant heat rates are 8950 BTU/KWHR and 8838 BTU/KWHR, 

♦Ft. Martin, feedwater Heating (C2) & Auxiliary Power (C8) - See fig. 3-3 
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CASE: a i3 HEATERS REUOVEO f ROM SERVICE, WITH COHDEMSiNG OCCUHING 3200 RSI A 
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Fig. 4-40 Revised Flow Rates for Recommended Four Plant Cycle Locations 
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Fig, 4-40 Revised Flow Rates for Recommended Four Plant Cycle Locations (Corn'd) 
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Fig. 4-42 Revised Flow Rates for Ft. Martin Feedwater Heating Case 
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Fig. 443 Heat Balance Ft. Martin - 






















Fig. 4-44 Heat Balance, Ft. Martin, Feedwater Heating - Storage Mode 
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Fig. 4-46 Heat Balance, Ft. Martin, Feedwater Heating - Peaking Mode 
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Fig. 4-46 Heat Balance, Ft. Martin, Auxiliary Cycle — Storage Mode 
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Fig. 4-47 Heat Balance, Ft. Martin, Auxiliary Cycle - Peaking Mode 
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Fig. 4-48 Sumraarv of Net Plant Heat Rates — Ft. Martin 
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which yield a daily average heat rate of 8922 BTUA^WHR. Comparing this to the daily aver- 
age heat rates of Cases C2 and C8 showed an increase in the heat rate of 37 BTUA^WUB and 
0 BTU/KWHR. 

Therefore, it was concluded that Case C2 was more efficient than cycling the base plant 
and Case C8 showed no efficiency difference in comparison to tiie cycled base plant. Since 
Cases £2 and E8 are identical in principle to Case C2 and C8, little would be gained from 
including both of thc.;e plants in the final evaluation. Roseton, therefore, was eliminated, 
and all subsequoit design refmement was based on inootporating thermal aiergy storage 
into the Ft. Martin plant for either feedwater heating or to suj^ly energy to a separate power 
conversion loop. 

4. 7. 2 Recommended Heat Exchanger Concepts 

As discussed in 4.5, many heat exchanger concepts can fulfill tne TES requirements. 
Moving PCM systems are theoretically superior since the required heat exchanger area can 
be greatly reduced. A unit with heat transfer to and from the salt provided by heat pipes 
offers important salt/water isolation advantages but currently only appears feasible for the 
lower temperature conditions of nuclear plants. Since our overall goal is to determine with 
a reasonable degree of confidence whether a latent heat thermal energy storage system is 
cost effective, we felt that it was necessary to perform the design refinement and economic 
analysis on those heat exchanger concepts for which performance and coat estimates will be 
most realistic. These are clearly the basic tube/shell and the liquid metal intermediate loop 
tube/shell. Tifoe/shell units are in widespread use in the utility industry and the required 
llqiiid metal technology has been applied in nuclear power plants. 
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4,8 CXDNCEPTS RECOmiENDED FOR DESIGN REFINEMENT 

Ih review then. Power plant applications retained for further design refinement were 
the Regenerative Feedwater Heating Augmentation and the Single l/>op Separate Power Con- 
version Ixx^ case, both int^rated into the Ft, Martin supeicriticai fossil (ooal) plant. 

During storage for subsequoit feedwater heating, ItU, 162 Ibm/hr oi W‘n sttu_u flow 
at 3500 psia and lOOC^F will be directed to the TES imits. This iluid leaves the TES unit 
at S200 psia and 70 o. 08"F and the TES stores 1. 319 x 10^ BTUs. Ikiring peaking, 60% of 
the feedwater flow between the sixth and seventh heaters is diverted to the TES units. Thus, 
2,217,000 Ibm^ir enters the TES units at 423. 4° F and leaves at the final' feedwater tempera- 
ture of 514. 4” F, Average daily teat rate is 8885 BTU/ECftHR am^jaily generation (deducting 
amriliar y power) is 1. 2364 X 10^ KWlIBs r^resenting an averijl^et- output of 515, 168 KW. 

For the separate loop case, 182,185 Ibm/hr of main ^eanifln||^ 'bypassed to the TES 
units during storage. IXiring peaking, 267,834 Ibm/hr of nuxillarv f'yeh- U 

heated from 2S4°F and 715 psia to 7S0°F and 615 psia. This requires the TES units to store 
1. 791 X 10^ BTUs. The daily average heat rate is 8922^TU/KWTiR and daily generation is 

7 

1. 2259 X 10 XWHRs, representing an average net daily output of 510, 788 KW. Fig. 4-49 
contains detailed information relating to these two cases. These temperature and flow con- 
ditions were used for design refinement analyses of tube/shell and intermediate loop tube/ 
shell heat exchanger modules integrated into the Ft. Martin Plant presented in the 
following sectlcm. 
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Stacigg (18 houn) 
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Section 5 


DESIGN REFINEMENT 


5. 1 HEAT EXCHANGER DESIGNS 

To make our final costA>enefit analysis as realistic as possible, the tube/sheli and 
intermediate loop tube shell concepts were selected for design refinement. Tliis does not 
Imply that the other concepts are less desirable, only that we felt more design effort was 
required to refine these approaches for accurate costing than was possible in this initial 
study. Before beginning the design refinement, certain parameters were established from 
other considerations. The salt eutectics were selected from our recommended list (Figure 
4-8) for the appropriate heat exchanger temperature levels discussed in 4. 6. Maximum 
overall dimensions of a heat exchanger module v'ere takoi as 40 ft. long and 15 ft. diameter 
based on railroad car shipping and on-site handling constraints. In this regard, it should be 
pointed out that as several heat exchanger manufacturers recommended as maximum diameter 
of 12 ft. some of our calculations are based on this constraint. As discussed in 5. 1. 2, we 
feel that this limit is design-dependent and at least one of our two structural arrangements 
can be fabricated in the 15 ft. diameter size. Tube inside diameter was also fixed for the 
majority of our analysis. This is a tradeoff between material cost and labor (welding) cost. 

As vube diameter is increased there is more surface area to transfer heat to the salt, so tube 
spacing can be increased; however, the tube wall thickness increases to contain the pressure 
with a larger diameter. Fewer tubes, however, reduces the number of tube/tube sheets 
welds although each weld is longer. In addition to spacing, structural and labor considera- 
tions, the selection of inside diameter also effects fluid flow velocities throu^ the tube 
and hence the inside heat transfer coefficient. Our basic thermal and structural design 
analysis was based on a pipe inside diameter of one inch, Ihe question of optimum tube 
diameter was examined separately so that final designs could be iterated if necessary. 

5. 1. 1 Thermal Analysis 

Tube and Shell; 


The eqi.iations which describe the heat flow into or out of a pipe surrounded by a salt 
are given by several standard heat transfer equations. Considering single one-dimensional 
heat transfer, the energy flux per unit length of pipe mav be written; 

4tTk 


L 


n <R/a)‘ 


(T - T ) 
w m 
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where k = salt thennal conductivity in solid state 
s 

= pipe outside wall temperature 
= salt melting point 
a = pipe outer radius 

R = salt melt radius 

It may also be e?q)reB8ed in terras of film coefficient and pipe wall thermal resistance as 


where 


^ = 2sr. 

L i 

w 

h is the fluid film coefticient 
r^ is the pipe inner radius 
r^ = a = pipe outer radius 


~ r. 6 n (r /r.) 
JL + 1 ' o 

h k 


(Tf - V 


= pipe wall thermal conductivity 
Tj = fluid bulk temperature 

= pipe outer wall temperature 

Ignoring energy stored as sensible heat, energy stored in the salt is: 


/ 


L "s 


Setting these equations equal to each other, integrating and rearranging gives: 


(?) -(?) ^ (?) 


2k 




- 1 




which describes the relationship between active time, t, pipe spacing, temperature difference 
and film coefficient. 

The internal film coefficient, h, may be expressed as follows (Reference 23, pg, 219): 


2 ) 


b = ^ (.023) 



Pr 


0.4 
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where'. 

3) 


V 


M 


and 

4) 



where ill = mass flow rate 


N 


= number of pipes 
= constant 





n (R^- a^) 


where, M = mass of salt 
8 


This set of four equations may be used to size the sjTstcm once the pipe wall thickness 
(a - r^) has been determined from pressure containment and corrosion considerations. Pipes 
will be spaced on hexagonal centers. The total TES unit diameter, therefore, can be esti- 
mated from the total cross secticnal area per pipe, since A = ti or R = VaA . In our 
case: 

A = N sin (60'’)(2R)^ 

so that diameter = 



For example, consider Jie Ft. Martin feedwater heating case. Modules for each salt 
eutectic used ai-e separately sized. Consider, first, the high temperature salt modules. 
From Section 4.6, salt for high temperature storage will be NaCl* MgClg ^^id 1,679,500 
Ibm of this salt will be required. Since in our design concept the same pipes will be used 
during both storage and usage phase, that pha.se requ’ring the most total pipes will size the 
system. 

As discussed in 5.1.2 a tube whll thickness of .18 inches is required, including a small 
allowance for corrosion. 

Considering first the storage side, since steam flow will cool from 1000° F to 800° F, 
properties are evaluated at 900° F. Then, 

Pv = 5.2 1bm/ft^ 

P = . 109 Ibm/hr ft 

k = ,04BTUArft°F 

Pr =2.7 

Total Flow Rate = 134,162 IbmAr 
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c 

Equation 2 thus becomes h = .0495 (V* ) and 

equation 3 becomes V = 4, 730, 414/N 

On combining 2 and 3 we obtain h = 10,827/N‘® 

•Hie following properties were used for the high temperature salt: 

= 197 BTUAbm 

P s = 140 Ibm/ft^ 

P 1 = 102 Ibm/ft^ 

k = .9 BTUAr ft°F 
8 

After eliminating "h" using Equation 5 then equation 1 becomes; 

7) (R/a)^ ln(R/a)^ + <(R/a)^ - 1) (K* ^425.6 - .97) = 66.33 
Equation 4 for this case is L = 3818.5/E <R^ - .0032) 

The above Equation 7 uses the log mean average AT across the heat exchanger for (T^ - T^). 

In similar manner the equivalent of Equation 7 for the usage case can be calculated using 
water properties at 400° F; 

P = 49 Ibm/ft^ 

M = . 26 Ibm/hr ft 

k = .349 BTUAr ft°F 
Pr = .87 

Flow Rate = 2, 217, 000 Ibm/hr 
Equations 2 and 3 then become: h = . 827 (V’ ®) 

V = 8,295,OOOA 
or h = 283,517A‘® 

Using this and the same salt properties as before we get: 

8) (R/a)^ In (R/a)^ + ((R/a)^ - 1) (E'®/6563 - .97) - 54.63 

The expression for the number of pipes, (E, Equation 4) is the same for both cases. 
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Comparing Equation 7 and 8 it can be seen that since the term on the right of Equation 8 

Q 

is smaller than the same term in Equation 7 and since the denominator under the N term is 
larger, this equation will give the smaller spacing. Therefore, the usage case dominates. 

g 

Examining Equation 8 it is apparent that sl’.oe the factor of 6563 under N is so large, 

N may vary over a large range without significantly affecting the value of R. Taking advantage 

2 

of this we estimate the value of R taking N = 0. For this case (R/a) + 24.2 and R = 3.345 
inches. 

From Equation 8 for a 12 foot diameter this would require 423 tubes (N) which is small 

g 

compared to 6563 (N = 126). The total length of tubing required, L, becomes L = 166 feet, 
which would make 5 modules having 32.2 feet active salt length leaving 6.8' for headers and 
vapor space. Module size for the low temperature salt was done in exactly the same manner. 

At this point we may consider different flow patterns through the TES modules. The 
choice is between parallel series, or combination flow patterns. In a parallel arrangement, 
the flow would be evenly divided among a number of modules. Each module or group of 
modules (which can contain more than one salt) acts independently on a portion of the flow. 
While this has isolation advantages, a disadvantage of a parallel flow approach is that it re- 
sults in low vapor velocity in the energy storage mode. Since the total flow rate and heat 
storage (and hence mass of salt) are determined from power plant considerations, the flow 
velocity per pipe is determined by the number of pipes used. Tn the parallel flow case, this 
is the number of pipes per module times the number of modules. 

Preliminary calculations indicated that for the Ft. Martin cases this design would re- 
sult in such a low vapor velocity that the vapor to pipe wall heat transfer resistance would be 
large, preventing the system from meeting design requirements. The velocity can be in- 
creased by placing some or all of the modules tn series, where the outlet of one module 
becomes an inlet of the next. Alternately, inserts within the pipes can be used to increase 
the internal heat transfer coefficient. For this study, however, it was felt that this approach 
would be more expensive than choosing the "proper" flow pattern. 

Based on this type of analysis, it was decided that the five high temperature salt 
modules required for the Ft, Martin feedwater hf ating case should be in series. Similar 
calculations performed for the low temperature salt indicated that adequate thermal per- 
formance would be achieved with a combination of five groups of three modules in series. 
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Hot Salt 
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$ 

15 
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5 groups of 3 in series 
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5,319,300 
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737 

Pipe length (feet) 
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32 

Pipe Spacing (inches) 

6.® 
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Module Diameter (feet) 

12 

12 

Total Energy Stbred (%) 

33 
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Fig- 5-1 Tube and Shelt Design, Fort Martin Feedwater Heating 
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12 
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Fig. 5-2 Tube and Shell Design, Fort Martin Auxiliary Power 
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0 

Conaldering the question of parallel versus series flow, if the denominator of N /X 
term in Equation 8 is large enough the value of N determined may be doubled or tripled with- 
out affecting the value of R. The preliminary designs for the Ft, Martin C2 (feedwater heat- 
ing) and C8 (auxiliary power cycle) are summarized in Figures 5-1 and 5-2. 

Liquid Metal Run-Around Loop 

A design which separates the water and salt is the pumped liquid -metal-run-around 
loop system. Similar to nuclear reactor cooling technology, the pumped-loop system can 
consist of a sodium-water/steam beat exchanger, a sodium salt TES unit, and a pumped 
sodium run-a"ound loop (Figure 5-3). If a pipe in the salt fails, the liquid metal leakage 
will not exothermically react with the salt. A water leak into the liquid metal loop would 
be relieved by a blowout plug located external to both salt and water heat exchangers so that 
no significant damage would result to the liquid metal -water heat exchanger. 

For this initial study it was assumed that the aodium-water/steam heat exchanger 
will consist of water tubes surrounded by sodium annuli (see Fig-ore 5-4). This will simplify 
containment of high pressure water (3500-4300 psi). It is envisioned that each salt (by 
generic type) will be connected to an independent sodium loop, in order that different re- 
quired heat flux lates at different temperatures may be accommodated. 

From Rohsenow & Choi (Reference 24), the overall heat transfer coefficient (h) from 
a liquid metal stream to a tube wall is: 

^Jlj(6.7 + .0041 (Re Pr)' 

Size of the heat transfer coefficient predicted by this equation, using the annulus 
equivalent hydraulic diameter, was so large as to be negligible in the system design. 

Since the liquid metal heat transfer resistance is very small compared to other resist- 
ances m the system, the flow loop analysis follows directly from the tube and shell case. 

(See Figi’re 5-5). However, temperatures seen by the salt and water are the same in the 
run-around loop case as in the tube and shell case. If the liquid metal temperature drop is 
small, size and configuration of the salt module must be similar. Likewise, length of the 
water flow path in the liquid metal/water heat exchanger must be the same as the water flow 
length in the shell and tube case. Based on this, the design for the Ft. Martin case is 
summarized in Figures 5-6 amd 5-7. 
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LIQUID METAL LOOP 



Fig 5-3 Liquid l\4etal Intermediate System Fort Martin Feedwater Heating 
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Fis- 5-4 Lk}uid Matal/Water Heat Exchanger 


HEStSTANCES FOfl SHELL AMO TUBE CASE; 


SALT THERMAL BESISTAMCE WALL AND FLOW THERMAL RESiSTAHCE 



HESiSTAMCES FOR UQUID METAL INTERMEDIATE CASE 





Fig. 5-5 Comparison of ThermaJ Resistances — Tube/Shell & Liquid Metal Designs 

234M770 
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As previously stated, the water AiQUid metal heat exchanger consists of ann ular tubes 
with water flowing in the inner tube and liquid metal flowing in the annulus. 

In order to check the assumption of low liquid metal heat transfer resistance a sample 
calculation was performed using a sodium flow velocity of 1 ft/sec, and an annular thickness 
of .25" and sodium properties evaluated at 700° F. 

Equation 9 then produces; 

h = (41.8/.0416) (6..7 + . 0041) ) . 0416 ^ (.005)^ ^^^^41.8(.005) 

= 6860 BTUArft°F 

which is large compared to the heat transfer coefficient of L>0 to 1500 BTU/hr ft°F for steam/ 
water. 

Tbe amount of required son. m may be estimated from the volume of sodium pipes. 

O 

Each foot of pipe in the module contains . 00545 ft of sodium volume so the total volume in 
the TES canisters is: 

C2; (. 00545) (5<423)(33, 2) + 15 (737)(32)) = 2290 ft^ of Na or about 122, 000 Ibm 

C8: (.00545) (4 (33. 3)(605) + 7 (675)(35) + 14 (32)(600» = 2805 ft® or about 149,000 Ibm of Na 

Additional amounts will be required for the heat exchangers and connecticg pipe volumes, 
perhaps 20-30% more in each case. 

The salt quantities required for our heat exchanger designs neglected thermal losses to 
the surroundings, since this effect will be negligible. As an illustration, consider the feed- 
water heating design for New York City weather conditions. The heat transfer coefficient to 
the air is (Reference 25) 


h = (1 + .3V) BTU/hr ft^F 

where V is wind speed in miles per hour. For January the average wind speed is 11 mph in 
New York City, so. 


h = (1 + .3(11)) = 4. 3 BTUAr ft®°F. 
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A typical high ten^rature insulation in wide use by the utility industry is calcium 
silicate, which exhibits a thermal conductivity of about .065 BTU/hr ft‘’F. 

For a 1 foot thick U^er of insulation, then, the total coupling from the T£S unit to 
air is: 

« ° 1/4.3 ll/.oes ' •OMMU/l'rft-F 

Conservatively assuming that during the 18-hour storage the air temperature will be O^'F 
(average fan air temperature = 34“F, Reference 26), and the TES unit will be at 1000“F 
throughout this period, losses for this case (20 modules) would be: 

Q = 18 (20) ir(12) 33(.064) (1000-0) = 2.8 x 10^ BTU 

This quantity represents only 2 % of the total energy stored. Hence, even with this 
conservative analysis, which neglects that the average module temperature will be less thai> 
1000° F during the 18-faour period and uses a low value for air temperature, the insulation 
loss represents only about 2 % of the total ene'-^v stored. Within the preliminary nature of 
this total analysis, this amount can be neglected at tnis point. 

5. 1. 2 Structural Analysis 

Our two recommended designs are both tube and shell units, the difference being that 
in the liquid metal intermediate loop case, the salt heat exchanger need not be designed for 
high pressure. In the basic tube shell case the utility fluid (steam or feedwater) passes 
tlirough the tubes so the tubes and domes must be designed for high pressure. The maximum 
pressure is somewhat at the discretion of system design. The main steam (energy source) 
at Ft. Martin is 3500 psia, but a pressure drop can exist prior to the salt heal exchanger. 
Likewise, feedwater entering the boiler is at 4323 psia and in the present plant layout the 
last pump is before the number 5 feedwater heater so the last three feedwater heaters are 
designed on the tube side for 4323 psi and a maximum temperature of SM^F (see Figure 4-42). 
Since the last heater steam extraction is at 800 psi it should also be possible to use a lower 
pressure pump before the n umb er 5 heater and add a final pump after the number 7 heater. 
This would reduce design pressure to the TES heat exchanger. If we assume th at we maintain 
the present Ft. Martin layout, then the TES unit will aee 4323 psi feedwater at the end of a 
storage cycle when the u{^r dome is at 1000° F and maximum salt temperature is about 
900° F. Even with an extra pump the unit would still see high pressure steam at 1000° F 
during energy storage. 
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Since oux TES heat exchanger requirements arc similar to ttose for the last stage 
feedwater heaters at Ft. Martin, vendor quotes should be obtainable. However, since our 
design temperature is nearly 500° F higher and the cost of the heat exchanger is so important 
to the overall cost effectiveness of our pix^sed S 3 rstem, we decided to do some limited 
structural analysis to define problem areas and pethaps suggest an approach to reduce costs. 

For our calculations we took the design case as 1000° F and 3500 psi for the tubes and 
domes and 1000'’ F and 100 psi for the shell. The first configuration to be considered (Figure 
5-8) has forged spherical domes ami tube sheets in tension and compression, respectively. 
The material selected was 321 stainless steel with a 14 ksi strength (ASME Boiler Code, Sec- 
tion V1II>. The spheres share a common chord at the plane of the centroid of an end ring with 
a cross-section of 36” x 24”, with a 72" radius to the centroid from the longitudinal axis. 

For the 80" radius sphere in tension. 

Thickness =pR/2CT = 3500 x 80/ [2 (14,000)] = 10" 

For the 93” radius sphere in compression. 

Thickness = pR/2ff = 3500 x 93/ [2 (14,000)] = 11.6" 

Stress in the ring due to outward force exerted fay the compressed sphere (ignoring the slig^ 
help from the tensile sphere) is: 

r3500 psi X 93”1 F 1 1 . 

a= 1^ J X.707X [- 36 T ,^ 34 n J =l3.300pst 

which is within the allowable. 

Buckling pressure for the 93” radius sphere assuming E = 25 x 10 psi is, 

V " (^1^) =78,000psi 

Thus, buckling does not goven. the thickness. 

The shell design for 100 psi and 100°F is. 

Thickness = pR/o = 100 psi x 90 inA4,000 psi = .64" 
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In this design we assume thac relative thermal ex^oBiim between Che thin wall tubes and the 
heaWer <and slower t'espomliug) shell will be accommodated by a sliding seal between the 
ahell and upper ring, lie end load must then be carried by the total number of straight 
tuben. Additional bent tubes could be used (as shown in Figure 5-8) in order to fully utilise 
the shell \tjlume for energy storage. 

Tubes derigned for 3500 psi and 1000“F Require a wall of, 

Ihicloiess = Pr/<T = 3500 x .5"A4, 000 = .125" 

2 

Ihe tube aiea in cross section is zr x 1" x .125 = .38 In . At a tu)>e spacing of 6.7" tlm owt 
load per tube is 1(M) psi x 6.7" x 6. 7" = 4500 lbs. 

However, the straight tubes only extend to a radius of 66" while the 100 psi shell 

2 

pressure acts over a 90" radius for an area ratio of (90/68) - 1. 75. The end load per 
stzaight tube is then 1. 75 x 4500 lbs = 7,870 lbs. 

Tube area required to carry the end load is thus 

A = load/o = 7670 A4, 000 = ,56 in^ 


or tube, 

t = A/ti D = . 56 in^/v = . 18 in. 

Ihe end load and not internal pressure, thus designs the tubes. 

The foregoing summarizes what might be termed a conventional tube/shell design. It can 
be seen that at these high pressures and temperatures the domes and end ring become massive. 
In addition to material and forging cost, large labor costs can be anticipated to makft the deep 
welds joining the domes to the rings. 

As an alternate, therefore, we considered a stayed construction as shown in Figure 5-9. 
fii this design each heat exchanger tube is welded to a heavy well hollow strut which in turn is 
welded to the external dome and the domed tube sheet. Since this is a more efficient struc- 
ture we used a higher design pressure, 4500 psi, to cover the case where the final feedwater 
pump is before the TES, 
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Fig. 5-9 &ayed Configuration Tube and Shdl Heat Exchanger 
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At a tube spacing of 6.7 inches the load on each stay is 4500 psi x 6.7" x 6.7" = 
202,000 lbs. The net stay area must he 

A = 202,000/14,000 = 14.5 

2 

Allowing a 1. 5" diameter hole (area - 1. 8 in ) for flow in and out of the tubes the 

2 

total gross stay area must be 16. 3 in 

Stay Diameter = ^16. 3/. 785* = 4,55" 

For the top and bottom sheets (domes) assume the skin next to the stay is formed into 
a 30° cone as shown in Figure 5-9, then, 

P/2 31 R = 202,000/(6.28x 2.28)= 14,200 Ibs/in. 

The membrane load/inch = 14, 200/. 5 = 28,400 Ibs/in 
The thickness inquired is: 

t = 28,400A4,000 = 2.04" 

For a bulge height of 0.29" at the shortest span between stays and 0.66" on a 45° line 
between stays, 

Span = 6.7x yfl - 4.55 = 4.93" 



R = 4.93" 

As a sphere, the thickness required, 

t = [4500 X 6.05] /[2xl4,000]= .97", 2" provided 
where the radius of curvature has been increased to 6. 05" to allow for double curvature effects. 
The end ring is pulled inward by the membrane load N 0, 


N<?> = PR/2 = 4500x6.05/2 = 13,600 Ibs/in. 
with a horizontal component = .833 x 13,600 = 11,300 Ibs/in. 
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To make the end rings small, height should be selected so that pressure load 
balances the N loads from each of the two plates: 

4500 h - 2 X 11, 300 
h = 5" 

Designing the ring as a beam simply suppoirted between the plates, 

M = 1/6 t^ X 14, 00 = 1/8 X 4500 x 5^ 
t = 2.5" 

In summary, the stayed configuration reduces dome thicknesses from 10-12 inches to 
2 inches and the ring from 24" x 36" to a 2-1/2" x 5” cross-section, while also extending 
the pressure capability from 3500 psi to 4500 psi (both at 1000° F). Benefits of this approach 
are summarized in Figures 5-10 and 5-11, where the material and welding requirements for 
each configuration are comfRited. E, can be seen that the stayed configuration requires 
450, 000 lbs less steel resulting in significant cost reduction possibilities as will be discussed 
in Section 7. 
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Standard Configuration 



Volume (ff*) 

Weight (Ibm) 

80" Domes 10" thick 

424 

20^00 

93" Domes 11.6" thick 

342 

166896 

Rings 15‘0b '1" ID 3' thick 

430 

239120 

Tubes 650 1" ID 1.36" O.D. 

105 

51240 

Shed .66" thick 35' long 15' dia 

91 

44408 

Total 


708564 

Stayed Configuration 

Stays 2 x ^ -*■ 4.5" 

55 

26840 

Rings 15' OD 14.58' ID 3" thick 

8 

3904 

Domes, 2" thick 

285 

139080 

Tubes as above 

105 

51240 

Shad as above 

91 

44408 

Total 


265470 


2349-Ca20 

Fig. &-10 Heat Exchanger Weight Breakdown 


STANDARD CONFIGURATIO\ 

Grcumferential Length: 68" x 2 x it x 4 = 1720 in. 
Voi of welds/in = 1/2 (10" x 10") 50 in^/in 
Volume of Weld' 86,000 in^ 

Pipe Length: 1300 x 1" x tt = 4084" 

Volume of Weld/in = 1/2 x .18” x 1" = .09 in^/in 
Volume = .09 (4084) = 367 in^ 

Tota) ° 86.367 in^ of wdd 


STAYED CONFIGURATION 

Circumferential Length: 180" • ir • 4 = 1(X)8 inches 
Volume of Weld/in => 2 cu. in/in 
Total = 2016 irt^ 

Stays 

Number of Stays = 1300 

Grcumferenoe = jt 5" = 15.7 inches 

Total: 2 X (1400) (15.7) = 40,820 in. drcumference 

Volume of Weld/in = 2 in^/in 

Total Volume for Stays “ 81,640 in^ 

Total ° 83,656 in^ 


234»«a3D 

Fig. 5-11 Total Volume of Weids 
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5.1.3 Desiga Sensitivity 

Since much of the available salt thermophysical property data is questionable, and 
since In many cases eutectic values must be estimated, it is important to examine the sensi- 
tivity of our designs to possible changes in the design values used. The salt properties of 
importance are density ( P , solid and liquid), specific heat (c^, solid and llq.uid), thermal 
conductivity (k, solid and liquid) and latent heat of fusion ( AH^g). 

First consider the magnitude of expected variations. According to Dr. Borucka 
(Reference 8), molten salt property experimental data obtained by different workers in many 
cases show considerable differences. She suggests that available data for and k 

be assumed at best to be only ±10% accurate. Reference 3 considers available data for the 
thermal conductivity of chlorides to be so inaccurate as not even worth presenting, and even 
Dr. Borucka presents k data for KCl, NaCl and then only in the solid phafie. Value for 
densities are considered fairly accurate, at least for solid densities. 


An added complication is that very little real data exists for ehtectlc mixtures. Values 
presented for eutectics usually are estimates from values for the single salt. It is possible 
that this results in gross inaccuracies. IGT presents a comparison of real data with data 
from accepted estimation techniques for k, (see Figure 5-12). As can be seen, values from 
the estimation technique are satisfactory for certain single salts, but quite wrong for the 
three eutectics listed. It is generally difficult to establish a range of inaccuracy which would 
apply. For preliminary purposes, however, we assumed that data for A and k may 

vary by ±25%. 


To judge how such variation would affect our design, we repeated the design calcula- 
tions for the Ft. Martin feedwater heating case. Consider the high temperature salt, KCl* 
NaCl' MgCl 2 , values from Figure 4-8; 

k^ = .47 - .59, used .53 BTU/hr ft °F 

k^ = .87 - .92, used .9 BTU/hr ft 
s 

= .248 BTU/#°F 

C = .23BTU/#^F 
ps 

= 197 BTU/# 
fs 
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Fig. 5-12 Comparison of Estimated and Experimental Thermal Conductivity Values for 
Several Molten Salts and Salt Mixtures 

5 AH- and c are reduced 25% to, 

IS p 


Cpi = .186BTU,'#°F 


°ps = .1725 BTU/#°F 
AHjg = 148 BTU/# 

then the required salt mass will increase from 1,679,500 Ibm to 2,276,300 Ibm. Likewise 


for a similar 25% change the mass of the cold temperature salt, NaCl NaNO^ increases from 
5, 319, SOOAbm to 7, 079,600 Ibci. This would mean an increase of 25% in the niunber of 


modules recjuired in this case from 20 to about 25. ff we now look at the equation which regu- 
lates pipe spacing. Equation 1 (page 5-3), and noting that the term (4K/hd^) is rot significant 
for the cases considered, then the thermal salt properties appear only on the right hand side 
of the equation in the form C k/ P _H- . The larger this term, the larger the pipe spacing 
and the fewer pipes that will be required. Therefore, if is lower than we estimate 

(which requires more salt and therefore more modules), the effect is to increase spacing, 
which is beneficial. Thus, changes in " AH^^" will hurt on one hand and help on the other. 
Since the sensitivity of spacing to this term is small there is an overall penalty if A is 
smaller than the value used. 


The sensitivity of tube spacing (R) to changes in the right hand term are shown in 
Figure 5-13. As is shown, large changes in the term result in much smaller percentage 
changes in ’H" and ’'R ”. For the Ft. Martin feedwater heating case (high temperature salt 
module) a decrease in k of 25% would result in a change of R from 3.345” to 3.0” or 10%. 
This would meafi an increase in the number of pipes of about 20% but no increase in the 
number of modules. If both k and AH^^ varied by -25%, then the tube spacing is unchanged 
but the number of modules required increases by 25% due to the decrease in A The 
sensitivity of a heat exchanger design to salt thermophysical properties is summarized in 
Figure 5-14. 
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Ck 


|R/a)2 

R 

(a ° .68“! 

Pt .A kC 

1 

30 

3.72 

73 

26 

3.4 

56.47 

20 

3.04 

40.91 

16 

2.63 

26.62 

10 

2.15 

14.02 


234d-oaso 

Fis.5-13 Tube Spacing Sensitivity to Salt Properties 


Effect of Property Change of 10%* 

Salt Quantity (Voiume 


Sah Property: 

Tube Spaang 

No. of Tube* 

No. of Modules) 

AHf, 

-J33% 

-6% 

-5% 


— 

-2.5 

-2.5 


— 

-2.5 

-2.5 


— 

— 

— 


+.03% 

-.01 

— 


-.03 

-10 

-10 


2349.086 0 


•based on 50% LATENT AND 60% SENSIBLE HEAT STORAGE. 

Fig. &-14 Summary of Typical Heat Exchanger Design Sensitivity to Salt Properties 
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5.2 SYSTEM LAYOUTS 

To determine the system layout it was first necessary to establish all equipment In the 
system. A schematic diagram was drawn to illustrate all components of the system. Tlie 
feedwater heating system schematic is shown in Figure 5-15, From this schematic, it was 
seen that the following equipment and incidentals were necessary in order to provide a com- 
plete system: 

• Earthwork and grading 

• Roads and paving 

• Land and land rights 

• Foundations 

• Piping and valving 

• Instrumentation and control 

• Flash tank 

• TES units 

The number and dimensions of the heat exchangers for this case are given in Section 
5.1.1. It lists five high temperature salt modules in series and fifteen low temperature 
modules in series by threes. All heat exchangers are 40 feet long and 12 feet in diameter. 

A schematic layout of the heat exchanger field is shown in Figure 5-16. Since all the heat 
exchangers were to stand on end to facilitate growth of the salt melt line, a minimum exclu- 
sion distance about each unit was chosen. It was decided that the array should be kept as 
small as possible to keep land costs down and localize safety considerations as r uch as 
possible. The heat exchangers were laid out with 40 feet centers as optimum for safety, 
land costs and accessibility. 

Next, a plan view was drawn of buildings and equipment at the Fort Martin plant 
(Figure 5-17). From this and the layout of the TES array, a combined layout was drawn. 

As seen ii Figure 5-18, there is no building around the TES units. This was done in order to 
eliminate an additional cost penalty, and reduce construction time. Also, the units them- 
selves need no more protection for the elements than any other tjpe of outdoor heat exchanger. 
No provision was necessary for cranes because the TES units will be rigged into place by 
contract during Installation and removed in the same manner If module failure occurs. 

Equipment sizing was done next. The flash tank was sized for a ten minute liquid Void- 
ing capacity. This led to a cylindrical tank 6 feet In diameter and 20 feet tall with a volume 
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Fig, 5-16 
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TES ARRAY BYPASS 
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Fig. 5-16 Schematic Layout of TES Array 
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of 565.5 cubic feet. Tank thickness was determined from a design pressure of 1000 psia 
and resulted in a thichness of 1.53 inches. This vessel is to be constructed of carbon steel 
and hait an approximate weigh! of 6 tons. 

The next task was to determine all piping necessary for addition of the T£S system. 
This Included: 




Description 

Flow Rate 
(Ibm/hr) 

Specific 

Volume 

^3/lbm) 


1) 

Main Steam Supply to TES units 

134, 162 

.2066 

STORAGE 

2) 

Main Cmuieas&l liquid ?^e to 
Flash Tank 

134,162 

.04472 


3) 

V'apor Lines to Heaters 7A and 
7SaeU 

71,146 

.50896 


4) 

liquid Lines to Heaters 7A and 
7B Drain Coder Entrance 

63,016 

.02087 

USAGE 

5) 

Feedwater Line to Low Temperr^ire 
TES Units 

2,217,000 

.01899 


6) 

Feedwater Line Branches to Low 
Temperature TES Units 

739,000 

.01950 


7) 

Feedwater Line to Hi^ Tempera- 
ture TES Units aid to Regain 
Boiler Feedwater Line 

2,217.000 

.02077 


To determine inside diameter of the piping, an allowable velocity of 1,000 ^m/in of 
inside diameter up to 10,000 ty>m was chosen to govern steam flow and 15 tps to govern 
liquid flow. For steam: 

From continuity: 


m = PAV = AV/u 


where V = (1000ft/min)(60 min/hr) 

2 (60»000d ) 

m = d. — j — T i ' T Tt 
JL 4v <144) 
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therefore. 


and for liquids. 


so: 



m = flow, IhmAr 
P => density, Ibm/ft 

V = specific volume, ft /Ibm 
A = Area, ft^ 

= inside diameter, in. 

V = velocity, ftAr 


m = PAV = AV/v 

where V = 15 ft/sec = 54, 000 ftAr 

d.^ (54,000) 

^ ^ 4V(144> 


therefore, 

d. = 

1 

Pipe thickness was calculated by referring to the American National Standards Institute 
Code No. B31.1 where 



_ pD 4 2Sc + 2y p 
‘m 2(S + (y - l)p) 



p = Pressure, psig 
D = Inside diameter, in. 

S = Allowable ^ress, psi 
y = Temperature coefficient 
c = Corrosion allowance, in. 
t = Minimum wall thickness, in. 
t^ = Nominal wall thickness, in. 


A summary of piping dimensions is bated in Figure 5-19. 

Pipe lengths for each type of line were scaled from the various figures and bsted in 
Figure 5-20. 

The amoxmt of additional land necessary for the TES field was calculated by multiplying 
length by width of the array and adding 10% for a border around the field. This yielded approxi- 
mately one-half acre. A fcamdation would be necessary for the units and it was determined 
that a two foot thick concrete slab should be used. The total amount of concrete necessary 
was 350 cubic yards. Additionally, a road for service vehicles would be constructed requir- 
ing 250 square yards of paving. 
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Pipe No. 

Minimum Irmda 
Diaimtsf, la. 

Nominal 
Thickness, In. 

Pipe Weight 
tb/ft 

1 

4.39 

.979 

4454 

2 

4.51 

.744 

41.75 

3 

4.38 

2,53 

14.14 

4 

ill 

.163 

3.96 

6 

11.96 

2557 

396.45 

6 

6,^ 

1.493 

13527 

7 

1Z50 

2667 

43252 

2349-091 D 

Figure &-19 Pipe Dimeittions 



Pipe No. 

Material 

Pipe Lengths (ft) 

Total Weight 
Weight 

1 

Stainless Steel 

60) 

26554 

2 

Stainless Steel 

50 

2,088 

3 

Cartwn Steel 

400 

5,656 

4 

Carbon Steel 

400 

1,584 

5 

Carbon Steel 

:bo 

138,758 

6 

Carbon Steel 

600 

81,162 

7 

Carbon Steel 

450 

194,409 


2349-092O 


Figure 5-^ Pipe Lertgths and Weight 


Pipe No. 

Material 

Usage 

Pipe Lengths (Ft) 

Total Pipe 
Weight Ubs) 

1 

Stainless Steel 

Main Steam 

600 

26564 

2 

Stainless Steel 

TES to Plash Tank 

60 

2,088 

3 

Carbon Steel 

Flash Tank Return 
(Vapor) 

400 

5,©6 

4 

Carbon Steel 

Flash Tank Return 
(Liquid) 

400 

1.584 


Fig, 5-21 Piping Characteristics - Auxiliary Power Design 
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For the Auxiliary Power Conversion Loop Case, additional land will be required to 
accommodate the additional five heat exchangers necessary. This would entail 
afield of .65 acres. Also, proportional increases could be expected in foundations, roads, 
and paving. Foundations would increase to 450 cubic yards and roads and paving to 225 square 
yards. 

Piping for this case would basically include a main steam line to the TES units for 
charging, and the flash tank lines. Auxiliary loop piping is included in the auxiliary cycle 
cost analysis which follows. A list of the appropriate piping is included in Figure 5-21. 

Auxiliary power conversion loop pricing must include an engineered steam turbine 
plant. Ihis steam turbine plant is equivalent to a 26 MW net output plant minus the steam 
generator but would include the following: 

Steam Turbine Generator 
Condenser 
Condensate Pumps 
Heat Sinks 

Auxiliary Turbine - Generator Building Equipment 

Foundations 

Earthwork and Grading 

Roads and Paving 

Piping and Valves 

Circulating Water Piping and Valves 
Turbine Generator Building 
Overhead Crane 
Control Room 

Electrical Cabling and Switch gear 

Land and Land Rights 

Circulating Water Pump and Drivers 

Switchyard 

Deaerator 

Feedpump and Driver 


5-29 



5.3 C0I';TR0LS 


Controls for integration of the TES into a power plant were divided into two categories. 
First, controls necessary for normal operation of the system and second, those neceaaauy 
for safety considerations. 

For TES use during normal plant operation the major categories of control can be 
divided into two basic categories, flow control and unit monitoring. Flow control can be 
accomplished by various pressure, flow and liquid level control valves. These control valves 
must have built-in logic so that they operate automatically. Also, control must be incorpor- 
ated so that plant operators are able to override any of these valves if necessary. 

Positive shut-off valves were also provided for isolation of individual TES\mits or 
strings so TES units could be removed from service. These would operate on signal if the 
heat exchangers became over-p'essurized as in the event of a tube failure. Tliey also must 
have override control to isolate TES units. 

Unit monitoring can be accomplished by integrating all valve signals into a micropro- 
cessor and then tying this unit into the main plant control system. It would incorporate signals 
to show normal operating and faulted conditions. Redundancy could be provided if the hazards 
posed by TES malfunction are considered great enough to warrant it. 

Additional controls are necessary for monitoring the auxiliary power cycle. This 
essentially be a scaled-down version of the control system incorporated into the base plant. 

5,4 INTERFACE WITH PLANT 

Integration of TES into a power plant is divided into two categories, mechanical and 
electrical. For this the plant must be shut down tc accomplish incorporation. All other work 
such as heat exchanger installation, roadwork, paving, earthwork, grading and inter- TES 
piping installation can be done while the plant is under normal cjperation. 

For the feedwater heating system the mechanical work will include tapping to the main 
steam line so that flow may be directed to the TES units during storage. The feedwater lines 
must also be tapped into so that auxiliarj regenerative feedwater heating can be accomplished 
during peaking. The separate eye’ • does not affect plant operation during peaking, but 
does require connection into the main steam line for the energy source. 

Electrical interface would include the integration of the TES control center into the 
main plant control center, and in the separate cycle case also tying the switchyard of the 
auxiliary power cycle into the power grid of the base plant. 
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5.5 SAFETY CONSIDERATIONS 

A tui>e leak in the heat exchanger will result in two different sets of problems depend- 
ing on whether the TES system is in the peaking or the storage mode, ff a tube leak occurs 
near the end of the peaking stage at a time when the salt is all or partially solidified the tube 
pressure may be transferred through the salt directly to the shell. The heat exchanger will 
be provided with blow-out panels to prevent catastrophic failure. 

The heat exchangers will also be provided with strain gauge sensors on the shell to pre- 
dict overpressurization. If this signal is received, the next step is to isolate the system and 
relieve shell pressure. This will be done automatically by closing the isolation valves at the 
inlet and exit of the TES array and bypassing TES flow back to the plant. The TES vent valve 
will next open to relieve pressure in the inter-TES piping and consequently in the heat ex- 
changers. 

Release of the high temperature molten salt will be taken care of passively by construct- 
ing a small earthen dike about the TES array to prevent spread. 

With some salts there may be a release of toxic gases from the molten salt. The TES 
system will be located outside and personnel access restricted to prevent hazard. Saits that 
would pose a hazard to nearby communities will not be selected. 

ff a tube leak occurs during the storage mode or when the salt is almost completely 
molten, shell side pressure protection will actuate a safety relief valve on the shell located 
in the void volume area. A signal will then be sent to the control room. The system is also 
automatically isolated and depressurized by the forgoing system. In this case there may be 
some release of molten salt but this would be relatively small since the inert gas blanketing 
above the salt would mainly be ejected from the TES and the system would begin depressuriza- 
tion on actuation of the pressure relief valve. 
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Section 6 


MAMUFACTURESG CONSIDERATIONS 

6.1 HEAT EXCHANGER FABRICATION 

As discussed in the previous section, the high design pressure and temperature of the 
tube /shell unit results in a thick spherical dome which is difficult to forge and weld but 
appears to be producible with existing technology. The stayed configuration greatly reduces 
weight and required depth of welds. The bulged domes can be fabricated using technology 
developed at Grumman. Recuperators required to control the TES heat exchanger outlet 
temperature are standard steam/steam or water/water units that can be procured from 
several suppliers. 

The intermediate fluid loop design eliminates the need for the recuperator since a by- 
pass or variable speed pump in the liquid metal loop can be used to control the system utility 
stream outlet temperature. The TES heat exchanger can be designed for low pressure so 
that standard tube/shell technology is applicable. The liquid metal heat exchanger does not 
present special fabrication problems. 

6.2 SALT PROCESSING 

An advantage of our modular heat exchanger approach is that each module can be fabri- 
cated, loaded with salt and the salt purified in the unit at the heat exchanger manufacturer. A 
sealed unit is shipp>ed to the utility site. .As discussed in 4.4.10, removal of solid impruities 
may be possible at the salt supplier and and H^O will be eliminated by temperature -cycling 
the loaded TES imit while maintaining a vacuum. 

6. 3 SHIPPING AND ON-SITE INSTALLATION 

The TES units are sized for standard railroad car shipping and on-site rigging by crane. 
The only connections required are welding of steam a_id feedwater lines. The entire TES 
can be assembled and all lines checked prior to plumbing into die existing plant. Plant 
downtime for the connection is expected to be short and the TES will include isolation valves 
so the plant can operate independently of the TES. 
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SectioQ 7 


COST EVALUATION 

7. 1 ITEMIZED CAPITAL COST BREAKDOWN 

The major factor In determining if TES is cost effective is comparison of TES capital 
cost for a given peaking capability to the capital cost inclement required to "enlarge" a plant 
by the same increment. For this tradeoff we decided to cost our baseline tube shell unit 
since this represents the technology most similar to current practice. As discussed in 
earlier sections, other concepts may in fact be superior but require additional design refine- 
ment to obtain realistic cost estimates. Even the tube and shell approach requires a some- 
what innovative design approach <as discussed in 5. 1.2) to avoid expensive heavy walled units. 

To cost the tube and shell TES unit we took several approaches to check the estimates 
and also understand design features that contribute the major cost burdens. First, we con- 
tacted several suppliers of feedwater heaters and supplied them with a design definition 
(number of tubes, length and diameter, pressure and temperature). This resulted in esti- 
mates of about S900, 000 for a 40 ft. high by 12 ft. diameter stainless steel unit. We then 
evaluated data on currently supplied feedwater heaters (Figure 7-1) and determined material 
cost. Subtracting this from the selling price resulted in an estimate of added value (supplier 
labor, overhead and profit). This indicated an added value of approximately $150,000 to 
$300, 000 for units somewhat longer but only about one-half the diameter of our baseline TES 
unit. These feedwater heaters however contained up to five times the number of tubes as our 
unit, so welding labor could be expected to be higher even allowing for our thicker wall con- 
struction. 

In parallel we performed an in-house design study of a "standard" 15 ft. diameter tube 
shell configuration and estimated the total weight (see 5. 1. 2) as 709, 000 lbs. At a cost for 321 
stainless steel of $2. 10 per lb for tubing and $1, 10 per lb for sheet the total material cost 
would be $830, 700 for the basic heat exchanger, neglecting the support structure, weld metal, 
scrap, etc. Reducing this to a 12 ft diameter but adding some allowance for these items re- 
sults in a material estimate of about $550,000. Assuming the value added of $150, 000 from 
our feedwater heater data (tor a unit with the same number of tubes) we would estimate the 
cost of a standard tube shell configuration at $700,000 or $200, 000 less than the suppliers 
quick-look estimate. This is fairly consistent since we expected the supplier's quotes to be 
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Steam 

Evaporator 




1 X 3 

2X3 

_3X 

4X3 

E X 2 

6X2 

CKU 

Conditioni (Shall/Tube) 









Design Pressure, 

psi 

BO/775 

60/775 

60/775 

75/775 

200/775 

400/1960 

250/425 

Test Pressure. 

r; 

75/1163 

75/1163 

75/1163 

113/1165 

113/1163 

600/2925 

375/638 

Design Temperature, 

380/300 

380/300 

380/300 

430/330 

390/390 

450/460 

410/450 

Corrosion Allowance. 

Tubes 

Material 

Number 

in 

2000 

SA 249 TP 304 
1,277 

1/16 

Material 

1,226 

782 

3,129 

3,225 

SB 163 
Incologv 800 
229 

CD/ThicXness, In x BWG 


3/4 X 20 

7/8 X 20 

1 X 20 

1 x20 

3/4 X 20 

6/8 X 18 

3/4 X 1 3 

Pitch 

in 

1- 3/16 

1- 11/16 

1 1/4 

1 3/8 

15/16 

13/16 

1- 1/8 

Average Length 

ft 

89.4 

854 

856 

81 7 

62.6 

62 8 

27.5 eff. 

Shell 









Material 

OD/Thickness, in x in 


90 X 1 /2 

SA-515-70 ‘ Material 

82 X 1/2 81 X 1/2 

72 X 1/2 

05.5x3, '4 

96.5 X 1-1/4 

65.37 X 11/16 

Overall Length. 

ft 

49.50 

47.00 

47 25 

44.75 

40.00 

42,00 

32.25 

Heat Exchanger 
Effective Surface, 

ft2 

34,226 

24,367 

26.841 

16,340 

37,109 

31,707 

2,509 

Gross Surface. 

ft2 

35,062 

24,936 

27,423 

16,678 

38,416 

33,087 

2,535 

Tube Bundle Weight, 

lb 

123,000 

01,000 

90,000 

60,000 

123,000 

118,000 

10,400 

Dry Weight. 

lb 

151,000 

1 1 

1 1 1 ,000 

78,000 

152,000 

162,000 

29,500 

Thermal Duty, 

M Btu 

276,237 

189,082 

257,600 

141,679 

497,500 

453,500 

43.460 

Original Price 









Per Shell 

$/Shell 

338,194 

149,421 

154.115 

107,925 

224.890 

244,158 

51,833 

Per Eff. Surface 

$'ft2 

6,99 

6.13 

E 74 

6 60 

6.06 

7.70 

20 68 

Per Gross Surface 

$/ft2 

6.85 

6 99 

E 62 

6 47 

6 85 

7 38 

20.47 

Per Bundle Weight 

S/lb 

1.67 

1 64 

1.71 

1 80 

1,83 

2.07 

4.99 

Per Dry Weight 

$/lb 

1.36 

1,32 

1.39 

1,38 

1A&. 

13L 


Per Million Btu $/mm 

Btu 

742 

790 

698 

762 

452 

638 

1,194 

Year for above 


1971.5 

1971.5 

1971.5 

1971 5 

1971.5 

1971.5 

1972.5 

“i976 S Extrapolation 
Handy Whitman Index 





9.95 




Per Eff. Surface 

S/ft'^ 

9.03 

0.24 

8.66 

0.14 

11.61 


Per Gross Surface 

$/ft2 

8.82 

9 03 

8.47 

9 76 

B.82 

1 1.13 


Per Bundle Weight 

$/lb2 

2 52 

2 47 

2 58 

2 71 

2.76 

3.12 


Per Dry Weight 

$/lb 

2 20 

1.99 

2-08 

2 08 

2.23 

2 28 


Thermal Duty 

S/106 Btu 

1119.00 

1191.00 

902 00 

1 149.00 

682 00 

B11 00 



B&R Information Source: 


feedwater Heaters — WPPSS Spec. No 2808 10 


Steam Evaporator - WPPSS Spec. No 2808 26 


Fig. 7-1 Low Temperature Shell — Tube Heat Exchanger Prices 



conservative because we provided vei’y limited information and not the detailed specification 
necessary for an accurate quota. Also our thicker wall will increase welding and forging 
costs. 

It was obvious from the breakdown that the unit cost was too high, mostly because of 
the large amount of steel required. This motivated our evaluation of the stayed configuration. 
Only one of many stayed approaches was considered (see 5.1.2) but this resulted in a unit 
weight of 265, 500 lbs and material cost of $343,000. For a 12 ft diameter we estimate a 
material cost (including 10% for support structure, etc.) of $240,000. Domes for this con- 
figuration are relatively thin (2 in.), which simplifies welding. Also the domes are not 
forged but bulged in a low-cost proprietary Grumman process so that a value-added estimate 
of $150, 000 should be realistic for stayed construction. This results in a total heat ex- 
changer cost of $390,000, which is the figure used in our detailed coat breakdov,Ti. The 
recuperator cost has been estimated by suppliers as $500,000. Since this is standard shell 
and tube technology, this cost is considered to be reasonably accurate. 

Expenses were broken down into various unit cost categories. Figure 7-2 contains a 
list of unit costs for the various items. 

For the regenerative feedwater heating case. Fig. 7-3 gives the total cost brealcdown 
for the individual items. For the single loop separate power conversion loop an investment 
cost summary for the auxiliary steam plant is included as Fig. 7-4. Fig. 7-5 includes 
■' te same items as the regenerative feedwater heating case with the addition of the steam 
turbine cycle and excluding an incremental turbine-generator and electrical cost. 

^Vs shown, the use of TES for both feedwater heating or auxiliary power generation 
is less costly than increasing boiler capacity. It should be pointed out that neither design 
achieved the optimum (or tai’get) cost figure, suggesting either that less peaking energy 
should have been stored and/or that further design refinement is required, A review of 
the actual power profile for Ft. Martin indicated that the power plant capacity could be 
reduced by about 7% for the energy storage values indicated in Fig. 4-49. This is be- 
cause the actual power savings is reflected by a variable, rather than the step-wise 5% 
reduction used in our earlier cases. Hence, for the feedwater heating and auxiliary 
power supply cases the power plant capacity would be increased by 37. 36 and 41.56 MW, 
respectively. 
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Earthwork and Grading 


$1 6,375/acre 

Roads and Paving 


$5. 38/square yard 

Land and Land Rights 


$1 00,000/acre 

Foundations 


$2.66/cubic yard 

Piping and Valving 




Regenerative Feedwater 
Heating System 
Pipe No. 

Cost 

$/foot 

Auxiliary 
Power Loop 
Pipe No- 

Cost 

$/foot 

1 

337 

1 

337 

2 

313 

2 

313 

3 

35 

3 

35 

4 

10 

4 

10 

5 

991 



6 

338 



7 

1080 



Instrumentation and Control 


$50,000 


Rash Tank (6 ft. diameter) 


$3/lb 



Fig. 7-2 Typical Unit Costs 
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Cost 


Earthwork and Grading $ 8,200 

Roads and Paving 1,300 

Land and Land Rights 50,000 

Foundations 93,000 

Piping and Valving 1,166,800 

rnstrumentation and Control 50,000 

Flash Tank 36,000 

Recuperator 500,000 

TES Units 7,800,000 

TESSaJt 1,219,000 

Subtotal $10,924,300 


Contingency & Int During Constr at 15% 

Engrg & Constr Mgmi at 1 2% 

Increm T-G (37 J6MW) & Elect Cost at $230/KW„ 

Total 

System Breakeven = (37.36 MW) (S^O/KW) 
Net Savings — New Plant or Plant w/o Excess T-G 
— Retrofit, Plant with Excess T-G 


1,638,K0 

1,310,920 

8,592,000 

S22,4®,860 

$24,284,000 

$ 1,818,140 
$10,410,140 


Fig. 7-3 Total TES System Capital Cost - Ft. Martin. Feedwater Heating Cffie 


Olpti 2 < Costs' 

51,000 

a) 

Steam Turbine Generator 

4,152 

bl 

Condemer 

837 


CcndensaH Fumpi 

36 

dl 

Hejt Sinks 

327 

e) 

Aux T-G Building Et^ujpment 

56 

n 

f oumljtiom 

102 

9l 

Eartftviort & Grading 

23 

h) 

Roads & Paving 

33 

i) 

Piping and Valves 

33 

1' 

Cut. Water Piping & Valves 

54 

kl 

T-G Build ng (Shell^ 

318 

n 

Overttead Crane 

103 

ml 

Conbol Room 

40 

n) 

Elect. Cabling & Swichgeaf 

MO 

o) 

Land & Land flights 

127 

pi 

Ore. Water Pumps & Driveni 

353 

ql 

Switchyard 

344 

r) 

Deaerator 

46 

il 

Feed Pump * Driver 

53 


To?^) Direct Cest 

S7.18J 


Fig. 7-4 Investment Cost Summary — Auxiliary Power Steam Turbine Plant 
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Con 


Earthivoric and &admg $ 10,300 

Roacii and Panng 1 ,GOO 

Land and Land Ri(^m E3.000 

Foundathru 120,000 

Pp»ng and Valvinfl 235.900 

IravumenoUanandComiQi 50.000 

Flash Tank 48.900 

Recuperatof 500,000 

TES Uniu 9.750.000 

TESSaJt IJ530.700 

AuwUary Steam 7.IB3.000 

SubioiaJ: 19.493.400 

Conrm 9 encY and Inteml During Constructional 15% 2.924.010 

EnurgandCanstrUanagemantas 13% 2,339.200 

Total System Con 24.756.618 

System Breakeven ° Ml J38 UW) (SesaTKVM - S26384.000 


2349-0940 


Net Savings 


5 2.127332 


Fig. 7'5 Capita) Costs of S^erate Power Cortv^on Loop, Ft. Martin 

7.2 PLANT PERFORMANCE - OPERATING AND MAINTENANCE EXPENSES 

7.2.1 Operating Expenses 

As discussed in Section 4.7. 1, (Figure 4-48), inclusion of the TES system to meet 
peaking requli'ements will decrease the net plant heat rate and, therefore, require less fuel 
consumption for the feedwater heating case compared to a cycled plant. As shown, a differ- 
ence of 37 BTU/KWH was predicted for this case. Using this, with a fuel cost of $1. 25/l0^ BTU 
during a yearly operating period of 7000 hours (full year minus planned maintenance), a fuel 
savings of $182, 893 can be expect*>d. Neglecting fuel cost escalation and using an interest 
factor of 15% this corresponds to a capital savings of about $1, 555, 000. Hence, accounting 
for this saidngs lowers our capital cost estimate from about $22. 5 million to $21. 5 million, 
and therefore, the system economics appear even more favorable in this case. As previously 
mentioned in the use of the auxiliary power cycle, no change in the plant heat rate is pro- 
jected and the capital xrost of about $25 million therefore remains the same. 

7.2.2 Maintenance Expenses 

The expense of Implementing TES in a power plant system should be in the same range 
as heat exchangers of similar type. With the fixed head shell and tube design these units are 
comparable to feedwater heaters except that when a unit is taken out of service it cannot be 
repaired on site but must be shipped to the factory for service. All other attendant mech- 
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anical and electrical equipment should incur the same operatin^^ and maintenance expenses 
because the items are identical to those presently in use. The TES system is basically a 
passive unit except for twice a day valve actuation. Considering the small number and use of 
the TES active components, unusually high operating and maintenance costs are not expected. 

7.3 COST/BENEFIT ANALYSIS 

We have shown in this section that a latent heat thermal energy storage system can oe 
incorporated into a new supercritical fossil plant to provide approximately 7% peaking capa- 
bility at less cost than enlarging the plant capacity by 7%. This conclusion requires innova- 
tive variation on the standard tube shell concept and some further design refinement on 
module length, site spacing, etc. It is also possible that some of the other concepts identi- 
fied in this report may prove even more effective upon further detailed evaluation. 

For a retrofit situation there is a special case where TES is very cost effective. 

This is when an oil plant is converted to coal resulting in excess turbine capacity. Refer- 
ring to Figure 7-3 it can be seen that if the T-G is already available the TES can provide a 
peaking capability at a significantly lower cost than the cost of Ixiilding this capability into a 
new plant. Providing that land is available, the TES S 3 rstem design and cost estimate should 
be valid for retrofit installations. 

The TES thus can be used to counteract the disincentive which exists in converting from 
oil or coal, namely that capacity is lost thus accelerating the requirement for new plant con- 
struction. An added benefit of the TES a];^roach that cannot be fully assessed is the relia- 
bility of operating plants at base load. This should extend the life and reduce the maintenance 
of the plant. 

7.4 INSTALLATION IN NEW VERSUS EXISTING PLANTS 

The implementation of TES in existing plants is bound by the physical layout of the 
plant and its operating conditions. That is, land for the TES array must be available 
close to the plant to minimize expensive piping costs. This is not always the case. In 
urban areas land is usually at a premium and energy peak loads are usually met with 
older fossil units. Ideally, this would be a good technical location for the use of TES 
but it may not be economically feasible if nearby land cannot be acquired. Another point 
concerns operation of the plant and its cycle. An existing fossil plant will operate at 
the point the., will yield the best heat rate and output for a given time period. The introduc- 
tion of TES tends to upset the balance and would incur operational changes. This is because 
the plant has been designed for specific thermodynamic conditions, flow rates, etc. and is 
now forced to operate essentially off-design. 
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New plaxit use of TES would allow the designer to modify the power plant cycle to 
achieve (^timum peak shaving before equipment is pHirchased. Investigation of relationships 
between heat rate, output, anaount of peak shaving and cost could be made to determine the 
most economical alternative. Then equipment sizing and system layouts could also be <^>ti- 
mized to complete the economic feasibility picture. 

President Carter has urged conversion of oil and natural gas plants to coal to reduce 
consumption of foreign oil. The conversion of an oil or natural gas boiler to coal creates a 
problem to most utilities in that the boiler, when coal-fired, is then undersized, resulting 
in excess capacity in the existing turbine generator unit. Boiler output could be augmented by 
TES to produce the previmisly oil-fired boiler ou^ut with a coal-fired boiler, since 
excess turbine-generator capacity w(xild more easily allow cycling of the turbine- generator 
set. This would appear to be the case that would be most applicable to the future of the 
utility industry, but each utility must determine the economics of TES for an individual site 
and then determine if its use is justified. 
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Section 8 


ACTION REQUIRED FOR SYSTEM IMPLEMENTATION 

This report represents a reasonably detailed first look at the feasibility of enejrgy 
storage in the latent heat of salt eutectics. The concept appears cost effective but certain 
key issues must be more fully explored before a public utility would implement the system 
for electrical power generation. The critical TES element is the heat exchanger that we 
have designed with only a small allowance for corrosion based on our consultants' review 
of availaUe data. Corrosion tests of selected salts purified to various levels and contained 
in stainless steel are required to verify this assumption. The tests can be small scale. 

Various heat exchanger concepts have been disciissed arei a tube and shell with a 
stayed structural arrangement recommended for minimum development within a cost target. 
More detailed design and costing of this unit is required to verify this selection. The advan- 
tages of our alternate concepts should be more fully explored for specific applications (such 
as the heat pipe unit for nuclear plants) and for longer term applications allowing time for 
further development of active heat exchanger concefks. Finally, a pilot demonstration 
should be undertaken at a participating utility to evaluate the system under actual 
operating temperature and duty cycles. 
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APPENDIX A 

EVALUATION OF 
PROPOSED TES LOCATIONS 



LOCATION 1 DOUBLE LOOP REGENERATIVE HEATING AUGMENTATION 



Generating Station 


PH- Name 

Matrix ID 

Evaluation of TES Location 

Cooper 

At 

TES Location not applicable for direct cycle bwr. 

TMI 

Bt 

Lke of prinvary cycle fluid as heat source for TES feedwater heater not 
recommended. 

a) TES F.W. htr. would be required to be located inside of 
prinaary containment. Due to radioactivity o* primary cycle 
fluid. 

b) Extensive containment redesign required to accommodate TES, 
e.g., pentrations, isolation valves, piping, equipment arrange- 
ment. 

c) Additional NRC licensing required regarding pipe break & pipe 
whip analyses, location and safe shutdowns. 

Fort Martin 

Ct 

TES location not applicable for supercritical fossil pit. 

Fort St, Vrain 

D1 

Use of primary cycle fluid (helium) as heat source for TES ff.st. ."e 
heater not recemmended. 

a) Primary coolant system is entirely encapsulate ■ ' 

prestressed concrete reactor vessel (PCRV), her. t • "v- log 
connections to this loop would be extremely difliC-,. 

Fort St. Vrain 

D1 

b) Because TES would be subjected to radioactive primary 'luid, 
it must be placed within the primary containment (PCRV), 
This would require an extensive redesign. 

Roseton 

El 

TES location not applicable for high pressure fossil pit. 


234 M 970 Fig, >vi EvaluattOH of Proposed TES Location No, 1 
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LOCATION 2 SINGLE LOOP REGENERATIVE 
HEATING AUGMENTATION 


CONDENSATE 

REMOVAL 



Generating Station 


Pit. Name 

Matrix 10 

Evaluation of TES Location 

Cooper 

A2 

'*■£5 location not recommended 

a) Bwr condensate & main steam contain radioactive hazards, thus 

TES FM/. HTR. miat be shielded. 

TMI 


TES location is candidate tor further evaluation. 

Fort Martin 

® 

TES location is candidate for further evaluation. 

Fort St. Vrain 

@ 

TES location is candidate for further evaluation. 

Rosetort 

© 

TES location is candidate for further evaluation. 
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LOCATION 3 DOUBLE LOOP REHEAT AUGMENTATION 



Generating Station 

EvaJuatioa of TES Locaftion 

Pit Name 

Matrix ID 

Cooper 

A3 

TES location not applicable for direct cycle BWR. 

TMl 

B3 

TES location not recommended, see commetm for Bt. 

Fort Martin 

C3 

TES location rrot applicable for supercritical fossil pit. 

Fort St Vrain 

D3 

TES location rtot recommended, see comments for D1 . 

Roseton 

E3 

TES Location not applicable for high pressure fossil pit 
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LOCATION 4 SINGLE LOOP REHEAT AUGMENTATION 



Generating Station 

Evaluation of TES Location 

Pit. Name 

Matrix ID 


Cooper 


TES location is candidate for further evaluation. 

TMl 

@ 

TES location is candidate for further evaluation. 

Fort Martin 

C4 

TES location in supercritical fossil pit. not recommended. 

a) Boiler reheat section urtderutilized when operating in rated 

condition. 

bJ Reheating HP turbine exhaust steam to fOOO°F using a 

heat source at 1000°F would require a TES system having a 
0° approach, such a system would be extremely large. 

Fort Sl Vrain 

D4 

TES location not recommended, see comments for C4. 

Roselon 

E4 

TES location not recommended, see comments for CA 
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LOCATIOM 5 CX3UBLE LOOP MAIN STEAM AUGMENTATION 



I 

Gen^sting Station 

Evaluation of TES Location 

Rt. Name 

Matrix ID 


Cooper 

A5 

TES location not applicable for direct cycle BWR. 

TMI 

B5 

TES location not recommended, see comments for B1 . 

Fort Martin 

C5 

TES location not applicable for supercritical fossil pit. 

Fort St. Vrain 

05 

TES location not recommended, see comments for D1. 

Roseton 

E5 

TES location not applicable for high pressure fossil pit. 


2349-09SD 
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LOCATION 6SINGLE LOOP CROSSOVER STEAM AIJGMENTATION 



G«feratjn 9 Station 

Evaluation of TES Location 

PIL Nama 

— 

Matrix ID 


Coopar 

A6 

TES location not recommended 

a) TES boiler requires nuclear shielding as it would handle 
radioactive condensate 

b) NRC licensing problems 

TMl 

® 

TES loo*ion is feasible subject to flow limitatiori} ,, ■J‘ turbine. 

Fort Martin 

C6 

TES location not recommended, 

a) IP turbine steam admission state point would be saturated 
which degrades turbine performance. 

Fort St Vrain 

D6 

TES location not recommended, see comments for C6. 

Roseton 



E6 

TES location not recommended, see comments for C6. 
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LOCATION 7 DOUBLE LOOP SEPARATE POWER 
CONVERSION LOOP - ISOLATED 



HEAT EXCHANGERS 
HEAT PIPE VERSION 
SHOWN 




THERMAL 

ENERGY 

STORAGE 

EXCHANGER 


SEPARATE POWER 
CONVERSION LOOP 


o 



Generating Station 

Evaluation of TES Location 

Pit. Name 

Matrix ID 

Cooper 


TES location not applicable for direct cyde BWR. 

TMI 

B7 

TES location not recommended, see comments for B1 . 

Fort Martin 

C7 

TES location not applicable for supercritical fossil pit. 

Fort St. Vrain 

07 

TES location not recommended, see comments for 01 . 

Roseton 


TES location not applicable for high pressure fossil pit. 
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LOCATtON 8 SINGLE LOOP SEPARATE POWER CONVERSION '/■ 


REACTOR OR 
BOILER STEAM 
GENERATOR 


T h* - GEN 


SEPARATE POWER 
CONVERSION LOOP 



THERMAL 

ENERGY 

STORAGE 

EXCHANGER 


[Xh 







1 

GEN 


X. T 




COND ! 


FW 

HTRS 



GenerstinQ Station 

Evaluation or TES Location 

Pit. Name 

Matrix ID 


C4Xiper 

A8 

TES location not recommended 

a) Throttle steam conditions to TES inadequate 

b) Steam conditions in secondary power conversion loop poor, 
net KW output would be low 

TMt 

BS 

TES location not recommended, see comments for A8. 

Fort Martin 

C8 

TES location is candidate for further evaluation. 

Fort St. Vrain 

D8 

TES location is candidate for furthtt evaluation. 

Roseton 

E8 

TES location is candidate for further evaluation. 
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LOCATION 9 DOUBLE LOOP INTERMEDIATE 
HEAT EXCHANGE/THEHMAL STORAGE 



(i) WOULD INCLUDE SEPARATE TES AND STEAM GENERATING SECTIONS 


Generating Staikxi 

EaaUgtioo of TES 1 oration 

Ph_ Name 

Matrix ID 


Cooper 

A9 

TES location not applicable for direct cycle 6WR. 

TMI 

B9 

TES location not recommenrted 

a) TES steam generator entaib extertsive development costs 

b) NRC li-snsing problems 

c) Beyond scope of study 

Fort Martin 

C9 

TES location rtot applicable for super' >ical fossil pit. 

Fort Sl Vrain 

D9 

TES location not recommended, see comments for B9. 

Roseton 

E9 

YES location not applicable for high pressure fossil pit. 


2349-0980 

Rg. A-2, Evul4:at3n of Proposed TES Location No. 9 
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LOCATION 10 SINGLE LOOP INTERMEDIATE 

EXCHANGER/THERMAL STORAGE (NASA PATENT APPUCATION REF It 



Generating Station 

Eaaluatioo of TES Locatioo 

Pit. Name 

Matrix ID 


Cooper 

A10 

TES location not recommended, see comments tor B9. 

TUi 

BIO 

TES location net recommended 

a) Design entails extenave deveiopment 

b) Beyond scope oi study 

Fort Marbn 

CIO 

TES location r«ot recommended, see comments for BIO. 

Fort St. Vraiii 

DIO 

TES location not recommended, see oornment' for BtO. 

Roseton 

E10 

TES location rvot recommended, see comments for BIO. 



2349-0210 


Fig. 3-6 Location 8-Singla Loop Separate Powo’ Conversion Cyde 
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APPENDIX B 

AVERAGE DAILY 
DEMAND CURVES 



TIME OF DAY (HOURS) 



too 



PERCENT OF PEAK (2080MW) PERCENT OF PEAK (1903MW) PERCENT OF PEAK (1993MW) 


100 r 


PSCO WINTER SUNDAY 


90h 





Demand, Ft. St. Vrain Unit ^1 


B-2 


PERCENT OF PEAK (6167MW) PERCENT OF PEAK (B244MW) PERCENT OF PEAK (4820MW) 


GPU SPRING/FALL SUNDAV 




GPU WINTER WEEKDAY 



GPU SUMMER V'tfEEKDAY 



40 ^ 

o’! 


2J43-102O 


J 1 1 1 I 

8 12 16 20 24 

TIME OF DAY (HOURS) 


Average Demand. Three Mile Unit #1 


B-3 



PERCENT OF PEAK (4629MW) PERCENT OF PEAK (6107MW) PERCENT OF PEAK (5244MW) 





2 ^ 9-1030 


TIME OF DAY(HOURS| 
Av«3ge Demand, Three Mile Unit 


B-4 


PERCENT OF PEAK (488MW) PERCENT OF PEAK (488 ^W) PERCENT OF PEAK (B97 MW) 


100 

90 

80 

70 

60 

50 

40l 

100 

90 

80 

70 

GO 

50 

40 

100 

90 

80 

70 

60 

50 

40 



nWE OF DAY (HOURS) 

AveragB Demand, Roseton Unit #1 

2349-lMD 


B-5 


PERCENT OF PEAK (5C7MW) PERCENT OF PEAK (B60 MW) PERCENT OF PEAK (B60MW) 



Average Deiiiand, Roseton Unit #1 

234<»-103D 


B-6 


PERCENT OF PEAK {363BMW) PERCENT OF PEAK (3836MW) PERCENT OF PEAK (3179MW) 


ALGPS SUMMER WEEKDAY 




ALGPS WINTER WEEKDAY 



B-7 



B-8 


PERCENT OF PEAK (3179MW) 



ALGPS SUMMER SUNDAY 


PERCENT OF PEAK (3398) 


PERCENT OF PEAK (3398) 



NEPP SPRlNGyPALL SUNDAY 
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TIME OF DAY (HOURS) 



PERCENT OF PEAK (971MW) PERCENT OF PEAK nS04MW) 



NEPP SUMMEfl/WEEKDAY 


APPENDIX C 

COMPILATION OF SALT MATERIALS 
BASED ON COST 



Price 


Salt 

Alum Ammonium 
Alum Potassium 
Aluminum CHoirde 
Aluminum Fluoride 
Aluminum Hydrate 
Alumimmi Hydroxide 
Aluminum Sulfate 
Ammonium Biborate 
Ammonium Bicarbonate 
Ammonium Bictuomate 
Ammonium Bifluoride 
Ammonium Bromide 
Ammonhim Chloride 
Ammonium Aimolybdate 
Ammonium Ruorborate 
Amrrumium Molybdate 
Ammonium Nitrate 
Ammonium Oxalate 
Ammonium Pentaborate 
Ammonium Persulfate 
Ammonium Slicofluoride 
Ammonium Sulfanrtate 
Ammonium Sulfate 
Ammonium Sulfide 
Ammonium Thiosulfate 
Antimony Fluoborate 
Antimony Trichloride 

Barium Carbonate 
Barium Chloride 
Barium Chlorate 
Barium Hydrate 
Barium Nitrate 
Barium Sulfate 
Barium Sulfide 

AU Bismuth TOO EXPENSIVE 

Boron trichloride 
Boron Trifluoride 
Cadium Chloride 
Cadium Chloride 
Cadium Fluoborate 
Cadium Nitrate 
Cadium Sulfate 
Calcium Carbide 
Calcium Carbonate 
Calcium Chloride 
Calcium Hydride 
Calcium Hypochlorite 
Calcium Hypophospite 
Calcium Phosphate 
Calcium Silicate 
Calcium Sulfate 


Compilation of Candidate Salt Materials on Cost 


Source; Chemical (Aariceting Reporter. 19 July 1976 



Salt 

Price 


S7.90-15.50/100 lb I 

Chromium Ruoride 
Cobait Cartxanats 

S9J35^ 16.00/100 lb 1 

Cobalt Chloride 

35f\b 

Cobalt Nitrate 

.175/lb 

Cobalt Phosphate 

.ffi/IOOlb 

Cobalt Sulfate 

.81/lb 

Copper Bromide 

114.00/ton 

Copper Carbonate 

700.00/ton 

Copper Chloride 

14.1 5/100 lb 

Copper Fluoborate 

.7B/lb 

Copper Nitrate 

J8/Ib 

Copper Sulfate 

.74/lb 


9.»/100lb 

Ferric Qiloride 

1.66/lb 

Ferric Riosphate 

-73/lb 

Ferric Sulfate 

1.97/lb 

Ferrous Fluoborate 

9.1 /ton 

Ferrous Sulfate 

.305/1 b 


603iM/ton 

Hydrogen Bromide 

.28/lb 

Hydrogen Chloride 

.17/lb 

Hydrogen Ruoride 

.37/lb 


.40/lb 

Lead Chloride 

240.0a'ton 

Lead Fluorate 

120.50/ton 

Lead Monosilixate 

3.02/lb 

Lead Nitrate 

-ffii/lb 

Lead Sulfate 

2 15.® /ton 

Lead Carbonate 
Lithium Bromide 

310.®/ton 

Lithium Carbonate 

1.04/ton 

Lithium Chloride 

24. 25/1 hs 

Lithium Ruoride 

32.50/100lb 

Lithium Hypochlorite 

-24/lb 

Lithium Nitrate 

115L00/lon 

Lithium Sulfate 

2.90/lb 

Magnesium Bromide 
Magnesium Carbonate 
Magnesium Chloride 

1.43/lb 

Magr>esi' m Nitrate 

2.47/lb 

Magnesium Phosphate 
Magnesium Slicofluoride 

2.®/lb 

Magnesium Sulfate 

2.10/lb 

Magnesium Trisilicate 

3.CB/lb 

Magnesium Borate 

171.®/ton 

Magneaum Carbonate 

19.®/ton 

Magnesium Chloride 

55.00/ton 

Magnesium Sulfate 

2.20/lb 


46.00/100lb 

Nickel Carbonate 

1.43/lb 

Nickel Chloride 

74.00/ton 

Nickel Ruoroborate 

.07/lb 

j Nickel Nitrate 

35.®/too 

1 NiuMi Sulfate 


.81 /lb 
3.00/lb 
2.00/lb 
1 J4/lb 
1.35/lb 
1.50/lb 
1.34/lb 
86.25/IOOIb 
.90/lb 
.72/lb 
.435/lb 
36.95/1 90 lb 

IZSO/IOOlb 

1.30/lb 

57i»/ton 

.48/Ib 

52JM/ton 

.e/lb 

J9f\b 

-41/lb 

.785/lb 

.47/lb 

.255/lb 

.325/lb 

Jffi/lb 

.345/lb 

3-00/lb 

-755/lb 

1.26/lb 

2.42/lb 

.52/lb 

1.14/lb 

1.55/lb 

1.60/lb 
.221/lb 
.1275/lb 
J32/1b 
.75/lb 
.1645/lb 
7.10/100lbs 
.38/lb 
1.68/lb 
.30/lb 
.31 /lb 
90.00/ton 

2.141/lb 
1.04 /1b 
1D6/16 
.91 /lb 
.76/tb 
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APPENDIX O 

SALT PRICES 
AND SPECIFICATIONS 



Item 0-1. Price Schedule and Specafkatiora Groton Chemic^ Co.. Plainfteid. NJ. 


PRICE SCHEDULE 
EFFECTIVE JANUARY 3. 1977 

CALQUM NlTRATt. TECH. 


PRICES: 


*Trucfcload (23,000 lbs. minj 

$11.75 per 100 lbs. 

10,000 to 22,999 tbs. 

12.75 100 tbs. 

2,JX»to 9,999 lbs. 

1X75 per 100 lbs. 

500to 1,999lbs. 

15.75 per ICX) tbs. 

South Plainfield. New Jersey 



'Can be offered for direct diipment from East Coast ports in not less than taickload 
quantities at a lovt^ price. Call for firm quotation. 


PACKING: Poly bags of 100 lbs. net — 101 lbs, gross each. 

Ba^ may be placed on pallets (min. 20 bags per palled at a charga of $8 jOO per pallet used. 

TERMS; Net 30 days — subject to credit approval. 


TYPICAL CHEMICAL ANALYSIS: 


Calcium (Ca) 
Nitrogen (N) 
insoluble in water 


— 19% min. 

— 15.5% min. 

— 0il2%fnax. 


Mn 

- 0.02 

Fe 

- aool 

Na 

- 0.015 

Al2 

- 0.0001 

K 

- 0.01 

SO4 

- ao4 

Mg 

- 0.15 

HCOO 

- 0.3 

Cu 

- 0.(W01 

Si02 

- 0.005 

Pb 

- 0.00005 

Urea 

- ai 


SCREEN ANALYSIS; pellet form 


less than 

4 

mm 

- 0% 


4-2 

mm 

10% 


2-1 

mm 

82% 


1-0.5 

mm 

7% 

greater than 

0.5 

mm 

- 0.2% 


Minimum invoice for any orte shipment to one destination is $100.00 
All prices are subject to change without notice. 
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Itsm O-l, Price Schedule and Speciftcations Groton Chemical Co. namfteld, NJ. (Cont'd) 


PRICE SCHEDULE 
EFFECTIVE SEPTEMBER J, 1976 

POTASSIUM NITRATE GRANULATED 


PRICES: 

Trudiload (20,000 Itn. min.1 
10,000 to 19,900 pounds 
2,000 f) 9.300 pounds 
500 to 1,900 pounds 


$18,25 per 100 lbs. 
$19.25 per 100 lbs. 
$19.75 per 1(» lbs. 
$20.75 per 100 lbs. 


Above can be furnished in a powdered form for an additional charge of $3.00 per 100 lbs. 
This powder will run 99.9% minimum thru a 60 mesh sieve, and 99i)% minimum thru a 
100 mesh sieve. 


F.O.B.: South Plainfield. New Jersey 

PACKING: Muhiwall paper or plastic bags of 100 lbs. or 1 10 lbs. net each. For 100* drums add SS.CX) 

per 100 lbs; for 300# drums add $3.1X)pef lOOlbs. Standard pallets will be furnished at 
no extra charge. 

TERMS: Net 30 days from date of shipment — subject to credit approval. 

SHIPPING REGULATIONS: Pill of lading must show "Oxidizing materia), no label required". 

CHEMICAL ANALYSIS: POTASSIUM NITRATE - 99.5% typical 


Moisture 0.06% 

Insolubles 0.01% 

Chlorides as KCi 0.^5% 

Sodium as oxides 0.20% 

Ca & Mg as oxides 0.04% 

Ammonium Salts Nil 

Chlorates & Perchlorates 
Perchlorates Nil 

Fe & AJ as oxides 0i)1% 


Minimum invoice for any one shipment to one destination is $100.00 
All ptrices are subject to chaitge without notice. 
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(tern D-1. Price Schedule and Specificatioiu Groton Chonical Co. Plainfield, N J. (Cont'd) 


PRICE SCHEDULE 
EFFECTIVE SEPTEMBER 1. 1976 

MURIATE OF POTASH, FIND STD. 
(POTASSIUM CHLORIDE! 


PRICES: 

Truckload (20,0(X} lbs. mir>4 
10,000 To 19,9(X) pounds 
2,000 to 9,900 pounds 
1,000 to I^OOpounds 

F.O.B.: South Plainfield, New Jersey 

PACKING: MultiwaJI paper bags of 50 lbs. 


S735 per 100 lbs. 
$7.95 per 100 lbs. 
SS.50 per 100 lbs. 
39.45 per IX lbs. 


TERMS: Net X days — subject to credit approval. 


SHIPPING REGULATIONS: More 
TYPICAL CHEMICAL ANALYSIS: 


Potassium Chloride (KCI) 383 

Potassium Oxide Equivalefit (<20) 62.4 

Sodium Oloride 09 

Calcium (Ca) 0.022 

Magnesium (Mg) 0.X7 

Brumide (Br) 0. >1 

Sulphate (SO4) 0.035 

Water Insolubles 0.027 

Moisture 81 Volabiles 0.08 

Total Chloride (Cl) 47.53 

Chher 0.03 

TYPICAL SCREEN ANALYSIS: 

Retained on 20 mesh Nil 

Retained on 28 mesh 1% 

Retained on 35 mesh 2% 

Retained on 48 mesh 33% 

Retained on 65 mesh 70% 

Retained on 80 mesh 81% 

Retairted on IX mesh 91% 


All prices are subject to change without notice. 
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Item D-). Prioe Schadula and Soecifications Groton Chemica) Co. Plainfield, N J. (Cont'd) 


PRICE SCHEDULE 
EFFECTIVE SEPTEMBER 1, 1976 

NITRATE OF SODA, TECH. 


PRICES: 


PELLETED 


POWDERED GROUND 


packed in 


100 lb. bags 


300 lb. drutro 


300 lb. dnjms 


20.000 lbs. or more $10,95 

10.000 - 19,999 lbs. $11.45 

2,000 - 9.999 lbs. $11.95 

500 - 1,999 lbs. $12.95 


$14.95 $16.95 

$15.45 $17.45 

$15.70 $17.95 

$19.45 $21.45 


All above prices are per 100 lbs. 


F.O.B.: South Plainfield. New Jersey 

TERMS: Net 30 days from date of shipment — subject to credit approval. 


SHIPPING REGULATIONS: Bill of lading must show "Oxidizing materia), no label required". 


CHEMICAL ANALYSIS (Typical): 


Sodium Nitrate (Dry Basis) 99.5% 

Moisture 0.02% 

Sodium Chloride 0.12% 

Sulfates as Na2S04 0.09% 

Insolubles 0.01% 

Mag. and Calcium oxides 0.(X>5% 

SIEVE ANALYSIS (Typical): PELLETED 

Retained on 40 mesh 80% 

Retained on 60 mesh — 

Retained on 100 mesh 99% 

Retained on 140 mesh — 

Retained on 200 mesh — 


POWDERED GROUND 


1% 96% 

22 % — 

50% — 

68 % — 


Minimum invoice for any one shipnrent to one destination is $100.00. 
All prices are subject to change without notice. 
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It8m 0-1, Price Schedule and Specifications Groton Chemical Co. Plainfield, N J. (Cont'd) 


PRICE SCHEDULE 
EFFECTIVE JANUARY 1, 1977 

SODIUM NITRATE, FLAKE AND GRANULAR 


PRICES: Fiaice and Granular: 

6.000 or more pounds 

2.000 to 5,600 pounds 
800 to 1 ,600 pouiKis 

One drum (400 lbs.) 


F.O.B.: South Plainfield, New Jersey 

PACKING: 400 lb. fiber drums 

TERMS: Net 30 days — subject to credit approval 


S30S5 per 100 (bs. 
31.80 per 100 lbs. 
33.90 per 100 lbs. 
40.50 per 100 tbs. 


SHIPPING REGULATIONS: Bill of lading and drums must show "Oxidizing Material". 


CHEMICAL ANALYSIS (Typical): 


ium Nitrite 
ium Nitrate 
ium Carbonate 
ium Chloride 
sture 


99.70% min. 
0.16% 
0.03% 
0 . 02 % 
0.06% 


All prices subject to change without notice. 
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itam D-2. Price and Sp^fications. Dow Chemicai Co. 


Magnesium Chloride 

— 

MgCl2 “ 

Cherrucal - SaSO/tOO lbs. 

^ Flake 

CaOj 

MAX 

05% 

Nad 

MAX 

f.0% 

Mg<0H)2 

MAX 

02% 


CaC >2 Caldum OUxula — Dow 
$88/Ton 

78% Calcium Chloride 
20%H20 

Impurities cortsistiisg of Sodium Chloride, Meginesium Chloride 
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lt»n 0-3, Elactromechanica) Diviskm, Hooker 


Soedfications: Potassium Hydroxide — Flake, KQH 
Grade: 

Mercury Cell, 90% KOH minimum 
Price; 

$22^/100 lb. 


Element 

Minimum 

Maximum 


KOH 

90.00% 

913% 


KjCOg 


0 . 8 % 


NaOH 


0.45% 


KQ 


100 ppm 


Fe 


10 ppm 


SiOj 


40 ppm 


KCIO 3 


1 ppm 


Ca 


5 ppm 


K 2 SO 4 


20 ppm 


Hg 


0.02 ppm 


Mg 


5 ppm 



Description; 

Chalk White in color 

Molecular Weight; 
Bulk Density: 
Melting Point; 


56.1 

Approx. 65 \bJoi. ft. 

90%219°C 
Anhydrous 380°C 
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Item [>3, Electromechanical Division^ Hooker ^Cont'd) 


CAUSTIC SODA (DRY FORMS) 
Eflective Januaiv t, >976 


GRADES 


NON-RETURNABLE STEEL DRUMS PRICE PER 110 POUNDS 

NET WEIGHT GROSS WEIGHT TRUCKLOADS LESS TRUCKLOADS 


Solid 

700 lbs 

718 lbs 

$14,30 

$15.70 

Flake, Regular 

400 lbs 

424 lbs 

14.50 

16.00 

Flake, Regular 

lOOIbs 
(See Note 2) 

107 lbs 

16.60 

18.00 

Flake, Oystal 

450 lbs 

474 lbs 

$14.50 

$16.00 


FOB Works, Niagara Falls, New York, Subject to Niagara approval, tratuportation may be equalized 
with competitive manufacturers as follows: 

SOLID AND ALL GRADES OF FLAKE 


Wyandotte, Michigan 
Charleston, Tennessee 
Houston, Texas 


Midland, Michigan 
Painesville, Ohio 
Wichita, Kansas 


SOLID AND REGULAR FLAKE ONLY — Lake Charles Louisiana, Solvay, New York. 
TERMS — Net thirty days. 

SPECIAL NOTES 


1. Minimum order of 2,000 pounds net (1,800 pounds net for 100 lb drums) applies to all less truckload lots. 

2. Shipments of 1 00 pound drums will be made on pallets of 9 drums per pallet with a minimum order of two 
pallets. Pallet charge is for Buyer's account. 

3. On customer pick-up where freight equalization is in excess of Si .25 per hundredweight and prices at 
schedule approval must be obtained from Seiler's Management at Niagara Fails. 
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Item Etactromechanical Division. Hooker (Cont'd) 


Formula NaOH Chamical Nama Sodium Hydroxide 

DESCRIPTION 


Hooker Standard Grade Caustic Soda is available from the Indsutrial Chemicals Division In the East as a 
solution containing 50% or 73% NaOH by weight and in three flake sizes (regular, fine, crystal) or as a 
solid cast into drums. Liquid is produced at Niagara Falls. New York, Morttague, Michigan, and Taft, 
Louisiana, dry forms at Niagara Fails only. 


For further information on physical 

properties. 

analytical methods, handling and storage recommendations, 

refer to Hooker Caustic Soda Bulletin No. 115. 




CHEMICAL SPECIFICATIONS 


50% 

73% 

Flake & Solid 

Sodium Hydroxide Equiv. 

NaOH 

49.0-51.0% 

70.0-73.0% 

97.0 min 

Sodium Oxide Equiv. 

N320 

38.0-39.5% 

54.2-56.6% 

75.2% min 

Sodium Carbonate 

Na2C03 

0.20% max 

0.25% max 

0.70% max 

Sodium Chloride 

NaCI 

1.10% max 

1 .60% max 

2.15% max 

Sodium Sulfate 

Na2S04 

0.020% max 

0.030% max 

0.10% rrwx 

Sodium Chlorate 

NaaOs 

0.10% max 

0.12% max 

None 

Silicon 

Si 

0.010% max 

0.015% max 

0.02% max 

Iron 

Fe 

0.0005% max 

0.0007% max 

0.0025% max 

Calcium 

Ca 

0.0007% max 

0.0010% max 

0.0015% max 

Magnesium 

Mg 

0.0010% max 

0.0015% max 

0.002% max 

Aluminum 

A1 

0.0003% max 

0.0005% max 

0.(X)1% max 

Manganese 

Mn 

0.00001% max 

0.00002% max 

0.0005% max 

Copper 

Cu 

0.00007% max 

0.0001% max 

0.0001% max 

Nickel 

Ni 

0.00007% max 

0XXX)1%m3x 

0iXX)1%max 

PHYSICAL PROPERTIES 





Molecular weight 


40 



Melting point, 50% 


65°F 



Melting point, 73% 


144°F 



Melting point 


(Anhydrous) 604°F 



Boiling point 


2534°F 



Weight per gallon, 50% 


12.8 pounds 



Weight per gallort, 73% 


14.4 pounds 




USES 


Caustic soda is used in the manufacture of paper pulp, soap, chemical intermediates, resorcinol, indigo, sodium 
salts, dyes and pigments, ceramics, pharmaceuticals, cosmetics and in the preparation of boiler water softening 
and cleaning compwunds. It is also used for regenerating vwter treatment units, reclaiming tin, paper and rubber, 
bleaching of textiles and paper, mercerizing cotton and dyeing and printing of textiles, in food f»-ocessir>g, metal 
industries, petroleum refineries and many other industries. 

Mlt, 11-192 
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Itam D>4, Morton Salt Company 11-66, industrial Product Data Sheet. Numbtf 1(^A 


A typical average chemical analysis of CULINOX 999, CHEMICAL GRADE would be as foliowt: 


Sodium Chloride 
Sodium Sulfate 

Copper 

Iron 

pH 


09.98% 

0 . 02 % 

00.00001 (0.1 ppm) 
0.00004 (0,4 ppm) 
7.5 


CULINOX is an unscreened production with a bulk density of approximately 75 lbs. per cubic foot. A 
typical average particle size range would be as follows; 


U.S. Mesh ] 

30 

40 

50 

70 

100 

Pan 

Per cerrt 

■mm 






Retained 

1 — — ■ J 


30 

45 

16 

4 

1 


MORTON SALT COMPANY 11-66 
Industrial Product Data Sheet 
Number 105A 
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APPENDIX E 


SALT REQUIRED 
FOR SHELL/TUBE 
HEAT EXCHANGERS 



TABLE £■} 


SALT REQUIRED FOR SHELLmJBE AND HEAT PIPE HEAT EXCHANGER - FT. MARTIN C2 


Sato \. NaO KQ M 9 O 2 
2. NaQ NaN 03 

A) Storage Mode; 


MHt point; 
Melt point: 


725“ 

667“ 


Steam in at 10tX3°F. 3500 psi, h = 1421.7 BTU/Ibm 
Water out at 705“F, 3200 psi, h = B7S.5 BTU/lten 

Temperature range for each salt chosen to provide sufficient AT for heat transfer: 
Saitl: 1000“ >800“. 33% total energy 
2: aotf -♦ 7f^. 67% total energy 


(a) Hi^ Temperature Salt: 

Saltl: AT = ®»“ - 7»“ = 75“F 
Average flow temperature 900°F, 

Average Final Sah Temperature T = 900 — 7572 « 862.5 
so that average sensible oomponem is 
S = Cp AT ° (8625 - 725) -= 33 BTU/lbm 

(b) Low Temperature Salt: 

Salt 2: AT = 7(B-567 = 138 

Average Flow Temperature = 7525 

Average Firval Salt Terrqierature - 7525 — 13872 ■=> 6835 

Aweraga Sensible Component is S ° .44 (6835 — 567) = 
515BTU/lbm 



Fluid 

Salt 


T.“F 

T.“F 

Inlet 

1000 

925 


900 i 

1 862.5 
(TsaW 

Exhacst 

800 

725 


Fluid 

T.“F 

Sait 

T.“F 

Inlet 

800 ] 

1 662 


7525 


Exhaust 705 


^5 

(T salt} 


567 


B) Usage Mode: 

Wato in at 423“F, h 404 BTUAbm 
Water out at 514.4“F. h = 504 BTU/Ibm 
33%-67%spiitat487“F 
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TABLE E-1 (continued) 


Salt 

T.“F 


B) (continued) 

(a) High Temperature Salt 

Saltl. AT = 725 - 514.4 °2n'’F 

Average Flow Temperature 5(X).5 

Average Final Salt Temperature T = 500.5 + 211/2 =■ 608°F 
Serwibte component is .24 (725 — 606) 29.75 BTU/Idm 

(b) Low Temperature Salt 

Salt 2: AT = 567 -437 = 80° F 

Average Flow Temperature 455°F 

Average Salt Temperature T = 455° + 80/2 = 495° F 

Sensible Component = .24 (567 — 435) = 31 BTUAbm) 

Total Available Energy Storage 24% 

Saltl; Latent + Sensible = 197 +337 29.75 = 254.8 BTU/lbm 
Salt2: Latent + Sensible = 84 + 51.3 ♦ 31 = 166.3 BTU/lbm 

C) Salt Masses 

Total Q = 1J19 X 10^ BTU 
33% = 435 X 10® BTU 
67% = 833 X 10® BTU 
Saltl; 1.679,500 Ibm 
Salt 2; 5319300 Ibm 


Fluid 

T.°F 


Exhaust 514.4 
5 fin rt 

Inlet 487 


Fluid 

T.°F 


725 

606 


Salt 

T.°F 


Exhaust 487 
455 

Inlet 423 
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TABLE E-2 


SALT RECkllRED FOR SHELLmJBE AND HEAT MPE TtS HEAT EXCHANGER - FT. MARTIN C8 


Saits 1: 

CaOj KQ NaO 

Meh Point; 

8©“F 

2: 

NaO KQ Mga2 

Melt Point; 

725“F 

3; 

NaO NaNO., 

Melt Point: 

667“F 


A) Storage Mode 

Steam in at 1000°F, 3500 psi, h = 1421.7 BTU/lbm 
Water out at 70^F, 3200 psi. h = 875.5 BTU/lbm 

Temperature range for each sah chosen to provide sufficient AT for heat transfer: 


Sahl; 

1000“ -890“ 

16% total ettergy 



2: 

890“ -750“ 

32% total energy 

Fluid 

Sah 

3; 

750“ - 705“ 

52% total energy 

T.“F 

V.“F 


(a> Highest Temperatu.’e Sah 

Saltl; AT = 890 - 889 = 21“F 

Average Flow Temperature = 945°F 

Average Final Salt Temperature =■ T = 945 — 21/2 ^ 

334.5°F 

SenaWe Component “ CP A T =■ J22 (934.5 — 8ffl) ■= 

14.4 BTU/lbm 

(b) Middle Temperature Salt 

Sah 2: AT = 750 - 725 = 25“F 

Average Flow Temperature: 82Q°F 

Average Final Salt Temperature; T = 820 — 25/2 = 807 .5“F 

Sertsible (kjmponent = .24 (807.5 — 725) ° 19.8 BTU/lbm 

(c) Low Temperature Salt 

Salt 3: AT = 7CB - 567 = 138“F 

Average Flow Temperature = 732.6“ F 

Average Final Salt Temperature “ 732.5 — 138/2 ° ^8.5 

Sertsible ° .44 (^8.5 — 567) »■ 40.3 BTU/lbm 
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TABLE E-2 (Continued) 


B) 


Usage Mode 


Temperature ranges for each salt; 

Water in at 294‘’F, 716 psi, h = 2WJ BTU/lbm 
Steam out at 750*F, 615 psi. h “ 1379.4 BTU/lbm 


Saltl; 

500-750 

16% total energy 



2; 

500-600 

32% total energy 

Fluid 

Salt 




T.°F 

T,°F 

3; 

294-500 

52% total energy 

Exhaust 750 I 

869 


(a) Highest Temperature Salt 
Saltl: .3T = 869 - 750= 119°F 
Average Flow Temperature = 625° F 

Average Final Salt Temperature T = 625 + 1 19/2 = 684. 5°F 
Sensible Component = .22 (869 — 684.5) “ 41 BTU/lbm 

(b) Middle Temperature Salt (Boiler) 

Salt 2: AT = 725 - 500 = 225°F 


Inlet 


625 

500 


Fluid 

T.^F 


684.5 

619 

Salt 

T.°F 


Average Row Temperature = 500° F 

Average Final Salt Ternperature T = 5<X) + 225/8 = 612.5°F 

Sensible Component = .24 (725 — 612L5) = 27 BTU/lbm 

(c) Low Temperature Salt 

Salt 3; AT = 567 - 500 = 67°F 

Average Flow Temperature = 397°F 

Average Final Salt Temperature = 397 + 67/2 = 430.5°F 

Sensiole Component = ,44 (567 — 4306) = 60 BTU/lbm 


Exhaust 

500 - 

‘ 1 725 

Inlet 

500 

T 725 


Fluid 

T,°F 

Salt 
T, °F 

Exhaust 

500 I 

t 567 


i 

397 

t 

» 430.5 

Inlet 

294 


361 


Total Available Energy Storage 

Salt 1 : Latent and Sensible = 134 + 14.4 + 41 = 194 BTU/Ibnt 
Salt 2: Latent artd Sensible = 197 + 19.8 + 27 = 244 
Salt 3; Latent and Sensible = 84 + 40.3 + 60 = 184 

Salt Masses 

Total Q= 1.791 x lO^BTU 
16% “2.865 X 10®BTU 
32% = 5.731 X 10® BTU 
62% = 9,313 X 10® BTU 
Saltl; 1,476,800 Ibm 
2; 2,348,770 Ibm 
3: 5,061.500 Ibm 
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TABLE E-3 


SALT REQUIRED FOR SMELL/RIBE AND HEAT PIPE TES HEAT EXCHANGER - ROSETON E2 


SaltNaa*NaN 03 Melt Point; 567“F 

A) Storage Mode 

Steam in at 1(KX)°F, 2400 psi, h = 1461.3 BTU/lbm Inlet 

Water out at 649.5° F, 2200 psi, h ° 0TU/lbm 

^T = 649.5 - 567 ° 82.5° F 

Average Flow Temperature ° 824.7“F 

Avefftge Final Salt Temperature 

T = 824.7°F- 82.5/2° 8 73.5°F Exhaust 

Sensible Component ° CpAT ° .44 <783.5 — 567) ° K.3 BTU/lbm 


Fluid Salt 

T.“F T,°F 


1000 


917 


824.7 I 


783.6 


649.5 


567 


B) Usage Mode 

Water in at 407.8° F, 3000 psi, h ° 386.6 BTU/lbm 
Water out at 479.8°F. 3000 psi, h ° 464.7 BTU/lbm 
AT = 567 - 479.8 = 87.2°F 
Av^age Flow Temperature ° 443.8°F 
Average Final Salt Temperature 
T = 443.8 + 87.2 = 487.4° F 

Sensible component ° .44 <567 — 487.4) ° 35.02 BTU/lbm 

Total Available Energy Storage 

Latent + Sensible ° 84 + 950 + ^.02 ° 2140 BTU/lbm 


Exhaust 


Inlet 


479J8 


4430Tf 


4070 


567 


487.4 


4950 


C) Salt Mass 

Total Q° 1.462 X 10® BTU 
Salt =■ 6,821.450 tbm 
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TABLE £4 


SALT REQUIRED FOR SHELLHOBE AND HEAT PIPE TES HEAT EXCHANGER - ROSETON E8 

Salts 1: NaOBaOj MaCl2 Melt Point: 784°F 

2; NaNOg Meh Point: 68S°F 

A) Storage Mode 

Steam in at 1000° F, 2400 psi. h =■ 1461.3 BTU/lbm 
Water out at 549.5°F, 2000 psi, h = ^5.5 BTU/lbm 

Temperature range for each salt chosen to provide sufficient AT for heat transfer : 


Saltl: 1000-830°F 16% toUl energy 

2; 830 - 649.5°F 84% total energy 


Fluid 

T,°F 

Salt 

T/F 

<a) 

Hi^ Temperature Salt 

IrUet 

1000 

954 


Salt!: AT = 830 - 784 = 46° F 


915 1 

892 


Average Flow Temperature = 91B°F 


. . 



Aw&agr Final Salt Temperature 

Exhaust 

830 ’ 

784 


T = 915 - 46/2 ° 892°F 





Sensible “ .20 (892 - 784) = 21.6 BTU/ltwn 


Fluid 

T.°F 

Salt 

T,°F 

(b) 

Low Temperature Salt 

Inlet 

830 

765.5 


Salt 2; AT = 649.5 - 585 = 64.5 
Average Flow Temperature = 739.7°F 
Average Final Salt Temperature = 


739.7j< 

I 707.5 


739.7 - 64.5/2 = 707.5°F 





Sensible = .44 (707 - 585) = 54 BTU/lbm 

ExhaiBt ' 

649.5 

585 


B) Usage Mode 

Water in at 234°F, 717 psi, h = 264.8 BTU/lbm 
Steam out at 750° F, 615 psi, h = 1379.4 BTU/lbrrv 
Temperature Range Salt; 1 : 500 — 750°F 16% total energy 

2; 294 — 500°F 84% total energy 
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TABLE E>4 (Continued^ 


B} Continued 

(a) High Tamperature Salt 
Saltl; AT = 784 - 750 = 34“F 
Avaraga Flow Temperature = 625'’F 
Average Final Salt Temperature « 

625 + 34/2 = 642'’F 

Sensible ° .20 (784 - 642> =■ 28 BTU/lbm 

(b) Low Temperature Salt 

Salt 2; AT = 585 - 500 = 85°F 

Average Flow Temperature = 39 7° F 

Average Final Salt Temperature = 397 + 85/2 = 439.5 

Sensible = .44 (585 - 439.5) = 64 BTU/lbm 

Total Available Energy Storage 

Latent and Sensible: 

Saltl; 146 + 21.6 + 28° 196 BTU/lbm 
Salt 2 : 78 + 54 + 64= 196 

C) Salt Masses 

Total Q= 1.869 X 10® BTU 
16% = 2.990 X 10® BTU 
84%= 1.569 X 10® BTU 
Saltl; 1,525,510 Ibm 
Salt 2; 8.005,102 Ibm 


Exhaust 


Inelt 


Fluid 

T.“F 

750 


625 


500 


Fluid 

T,“F 


Salt 

T.’F 

784 

642 

534 

Salt 

T.“F 


Exhaust 500 


585 


397 



439.5 


Inlet 294 


379 
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